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I n t r o d u c t i o n 
1.1 I n t r o d u c t i o n 
A s t r o n o m y i s a p a r t i c u l a r l y e x c i t i n g f i e l d f o r a p h y s i c i s t t o 
work i n , e n a b l i n g him t o c o n t r i b u t e t o t h e u n d e r s t a n d i n g o f many o f 
t h e i m p o r t a n t p r o p e r t i e s o f t h e U n i v e r s e i n w h i c h we l i v e . T h i s i s 
e s p e c i a l l y t r u e i n t h e c a s e o f V e r y H i g h E n e r g y (VHE) 6amma Ray 
A s t r o n o m y , i n w h i c h t h e p r o c e s s e s i n v o l v e d a r e p e r h a p s some o f t h e 
most e n e r g e t i c i n e x i s t e n c e . A s t u d y o f t h e s u b j e c t can shed l i g h t 
on many a p p a r e n t l y u n c o n n e c t e d t o p i c s such as t h e o r i g i n o f t h e 
co s m i c r a d i a t i o n , t h e p h y s i c s o f p u l s a r m a g n e t o s p h e r e s and, a t t h e 
h i g h e s t e n e r g i e s , t h e t e m p e r a t u r e o f t h e b l a c k b o d y m i c r o w a v e 
b a c k g r o u n d . I t i s t h e r e f o r e hoped t h a t t h e work r e p o r t e d i n t h i s 
t h e s i s w i l l be f o u n d u s e f u l b o t h t o t h o s e d i r e c t l y i n v o l v e d i n t h e 
f i e l d and t o t h o s e whose main i n t e r e s t s l i e e l s e w h e r e . 
1.2 VHE Gamma Rays i n t h e E l e c t r o m a g n e t i c S p e c t r u m 
F i g u r e 1.1 i l l u s t r a t e s t h e E l e c t r o m a g n e t i c (Eli) s p e c t r u m f r o m 
r a d i o up t o e n e r g i e s o f 1 0 l * eV, on w h i c h a r e shown t h e v a r i o u s 
o b s e r v a t i o n a l r e g i o n s such as r a d i o , v i s i b l e , X-ray e t c . Gamma r a y 
a s t r o n o m y can be c o n s i d e r e d t o b e g i n a t a r o u n d 10* eV and c o n t i n u e 
r i g h t t o t h e end o f t h e s c a l e w h e r e , f o r r e a s o n s w h i c h w i l l be 
e x p l a i n e d f u r t h e r , a c u t - o f f i n t h e s p e c t r u m e x i s t s . 
The f i e l d t h e r e f o r e c o v e r s more t h a n 9 decades i n e n e r g y , 
making i t e a s i l y t h e w i d e s t s i n g l e f i e l d i n t h e EM s p e c t r u m . 
C o n s e q u e n t l y , t h e w h o l e f i e l d c a n n o t be s t u d i e d by t h e use o f a 
s i n g l e d e t e c t i o n t e c h n i q u e , b u t must be b r o k e n down i n t o t h r e e 
r e g i o n s , each r e q u i r i n g a f u n d a m e n t a l l y d i f f e r e n t a p p r o a c h . These 
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F i g u r e 1.1 
The e l e c t r o m a g n e t i c s p e c t r u m 
TYPE OF 
RADIATION 
WAVE -
LENGTH 
PHOTON 
ENERGY 
g 
< 
10 A m 
10 
10 
0 
-10 
10 ev 
, d 6 
O UJ 
10 
-2 
10 
10 
-4 
-2 
10 
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uv 
-6 
10 
i d 8 
10 
r10 
-12 
10 
10 
10 
10 
10 
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10 
10 
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LU <[ 
LU < 
3 >l 
10 
•16 
10 
H8 
10 
r20 
10 
10 
10 
12 
10 
M i l l be b r i e f l y d i s c u s s e d . 
1.2a Low-Energy Gamma Ray A s t r o n o m y : 1 0 6 - 1 0 l o e V 
The a t m o s p h e r e i s opaque t o r a d i a t i o n a t t h e s e e n e r g i e s so 
o b s e r v a t i o n s need t o be made f r o m a b a l l o o n or s a t e l l i t e based 
p l a t f o r m . The most common d e t e c t o r used i s t h e s p a r k chamber, 
w i t h i n w h i c h an i n c o m i n g gamma r a y i n t e r a c t s , c a u s i n g p a i r 
p r o d u c t i o n . U s i n g such a d e v i c e an e s t i m a t e can be made o f b o t h 
t h e p r i m a r y e n e r g y and a r r i v a l d i r e c t i o n o f t h e gamma r a y . 
A l t e r n a t i v e l y , a t l o w e r e n e r g i e s (1-30 lieV) a s c i n t i l l a t i o n c o u n t e r 
i n c o r p o r a t i n g an i n o r g a n i c compound such as N a l ( T l ) may be used. 
/ 
A l t h o u g h any such s a t e l l i t e t e c h n i q u e s u f f e r s t h e d i s a d v a n t a g e 
of h a v i n g r e l a t i v e l y l o w c o l l e c t i n g a r e a s ( s i n c e t h e s i z e o f 
d e t e c t o r c a p a b l e o f b e i n g c a r r i e d i s l i m i t e d ) , t h e p h o t o n f l u x e s 
e m i t t e d by many c e l e s t i a l o b j e c t s have been f o u n d t o be q u i t e 
s u f f i c i e n t f o r d e t e c t i o n . W i t h t h e s u c c e s s f u l o p e r a t i o n o f t h e 
s a t e l l i t e s COS-B and SAS-2 ( s e e f o r example Hermson, 1983, and 
K n i f f e n e t a l . , 1977) t h i s has been t h e r e g i o n o f t h e gamma r a y 
f i e l d w h i c h has seen t h e most a c t i v i t y and, u n t i l q u i t e r e c e n t l y , 
p r o d u c e d most o f t h e p o s i t i v e r e s u l t s . 
1.2b The C e r e n k o v R e g i o n ; 1 0 t o - 1 0 1 3 eV 
Gamma r a y s o f such e n e r g i e s a r e n o t a b l e t o r e a c h t h e s u r f a c e o f 
t h e E a r t h s i n c e t h e y i n t e r a c t w i t h t h e c o n s t i t u e n t s o f t h e 
a t m o s p h e r e i n a manner s i m i l a r t o co s m i c r a y p r o t o n s , c a u s i n g a 
ca s c a d e o f h i g h l y e n e r g e t i c s e c o n d a r y p a r t i c l e s . A l t h o u g h a t such 
e n e r g i e s t h e s e c o n d a r y p a r t i c l e s t h e m s e l v e s do n o t p e n e t r a t e t o 
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g r o u n d l e v e l i n any m e a s u r a b l e q u a n t i t i e s , t h e y do p r o d u c e o p t i c a l 
C e r e n k o v r a d i a t i o n w h i c h can be d e t e c t e d a t t h e E a r t h ' s s u r f a c e 
( p r o v i d e d t h e sky i s s u f f i c i e n t l y f r e e of c l o u d ) as a t i n y f l a s h o f 
p r e d o m i n a n t l y b l u e l i g h t . T h i s method o f d e t e c t i o n , known as t h e 
a t m o s p h e r i c C e r e n k o v t e c h n i q u e , has been used f o r t h e o b s e r v a t i o n s 
r e p o r t e d i n t h i s work and w i l l be d i s c u s s e d i n m o r e , d e t a i l i n 
C h a p t e r t w o . 
1.2c The H i g h e s t E n e r g i e s : 1 0 1 3 - 1 0 i a eV 
P r i m a r y gamma r a y s o f e n e r g y above a b o u t 1 0 1 3 eV a l s o i n t e r a c t 
w i t h i n t h e a t m o s p h e r e and cause t h e p r o d u c t i o n o f a s e c o n d a r y 
c a s c a d e . The s e c o n d a r y p a r t i c l e s , h o wever, a r e p r o d u c e d i n such 
s u f f i c i e n t numbers and w i t h such h i g h e n e r g i e s t h a t t h e y a r e 
r e a d i l y d e t e c t a b l e a t g r o u n d l e v e l . O b s e r v a t i o n s o f such e n e r g e t i c 
gamma r a y s can ' t h e r e f o r e be made w i t h a g r o u n d based a r r a y o f 
p a r t i c l e d e t e c t o r s such as t h o s e o f t h e Haverah Park o r K i e l 
i n s t a l l a t i o n s ( s e e f o r example L l o y d - E v a n s e t a l . , 1983, and 
S a m o r s k i and Stamm, 1 9 8 3 ) . T h i s method has t h e a d v a n t a g e o v e r t h e 
a t m o s p h e r i c C e r e n k o v t e c h n i q u e o f b e i n g a b l e t o o p e r a t e under a l l 
c l i m a t i c c o n d i t i o n s t h o u g h , o f c o u r s e , a t a much r e d u c e d p h o t o n 
c o u n t i n g r a t e . 
1.3 6amma Ray P r o d u c t i o n Mechanisms 
A m a j o r m o t i v a t i o n f o r t h e s t u d y o f VHE gamma r a y a s t r o n o m y i s 
t h e i n f o r m a t i o n t h a t can be deduced a b o u t t h e p h y s i c a l c o n d i t i o n s 
e x i s t i n g i n a s o u r c e w h i c h g i v e r i s e t o such e n e r g e t i c e m i s s i o n s . 
3 
In order t o c o r r e c t l y i n t e r p r e t gamma ray r e s u l t s i t i s t h e r e f o r e 
necessary to understand the processes by which VHE gamma ray 
photons may be produced. The major processes, which are 
i l l u s t r a t e d i n Figure 1.2, w i l l be b r i e f l y discussed. 
(a) Meson Decay ; High energy cosmic ray p ro tons , which are 
considered t o permeate the ga laxy , i n t e r a c t w i t h the hydrogen gas 
c o n s t i t u t i n g the i n t e r s t e l l a r medium, become e x c i t e d , and 
subsequently decay to produce n and K mesons. The mesons then 
decay to e l e c t r o n s , n e u t r i n o s and gamma rays , w i t h the gamma rays 
having energies perhaps 10% of t ha t of the primary cosmic rays . 
The spectrum of gamma rays produced by t h i s process i s dependent 
upon the i n t e r s t e l l a r gas dens i ty and the cosmic ray energy 
spectrum, and peaks at around 70 MeV - t h i s being about 50% o f the 
r e s t mass energy of the it° meson (see Faz io , 1967). I t i s t h i s 
process which i s thought t o be respons ib le f o r the d i f f u s e low 
energy gamma ray emission seen, f o r example, i n the p-Ophi cloud 
(Hermson, 1983). 
(b) Inverse Compton S c a t t e r i n g : In t h i s process a low energy 
photon i n t e r a c t s w i t h a r e l a t i v i s t i c e l e c t r o n . The e l e c t r o n 
impar t s much of i t s energy to the photon, r a i s i n g i t t o gamma ray 
energ ies . The o r i g i n a l photon could come from one of several 
sources : 
(1) S t a r l i g h t 
(2) The 3° K microwave background 
(3) Synchotron r a d i a t i o n f rom a d i s c r e t e source con ta in ing 
r e l a t i v i s t i c e l e c t r o n s i n a magnetic f i e l d ( i n the v i c i n i t y 
of a p u l s a r , f o r example). 
4 
Figure 1.2 
Gamma ray p r o d u c t i o n mechanisms 
(a) Meson decay 
(b) Inverse Compton s c a t t e r i n g 
(c) Synchrot ron r a d i a t i o n 
(d) Curvature r a d i a t i o n 
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<c) Synchotron Rad ia t ion : Synchotron emission a r i ses whenever 
r e l a t i v i s t i c charged p a r t i c l e s ( e s p e c i a l l y p a r t i c l e s of low mass 
such as the e l e c t r o n ) and magnetic f i e l d s occupy the same volume of 
space. A charged p a r t i c l e moving w i t h a v e l o c i t y component 
pe rpend icu la r t o a magnetic f i e l d l i n e f e e l s an a c c e l e r a t i n g f o r c e 
at r i g h t angles to both i t s d i r e c t i o n of motion and the d i r e c t i o n 
of the f i e l d . As a r e s u l t of t h i s a c c e l e r a t i o n (which i s a change 
of v e l o c i t y o n l y ) the p a r t i c l e emits synchotron r a d i a t i o n . 
The energy of the emi t ted photons i s many decades lower than 
t ha t of the i n i t i a t i n g charged p a r t i c l e ; t h i s mechanism t h e r e f o r e 
has i m p l i c a t i o n s p r i m a r i l y f o r low energy gamma ray or X-ray 
obse rva t i ons . I f e l e c t r o n s of energy > 1 0 1 7 eV are the i n i t i a t i n g 
p a r t i c l e s (which may be the case i n a d i s c r e t e source) then VHE 
gamma rays could be produced - though the pa i r p roduc t ion process, 
descr ibed i n Sect ion 1.4c, would cause them to be s t r o n g l y 
a t t enua ted . 
(d) Curvature Rad ia t ion : R e l a t i v i s t i c e l ec t rons close to the 
su r face of a pulsar are cons t ra ined to move almost exac t ly along 
the magnetic f i e l d l i n e s of the o b j e c t . Near the poles of the 
p u l s a r , where both the s t r eng th and curva ture of the f i e l d i s very 
h i g h , any s p i r a l l i n g of the e l e c t r o n s i s s t r o n g l y damped out and 
they are acce le ra ted d i r e c t l y along the l i n e of the f i e l d . As a 
r e s u l t of t h i s a c c e l e r a t i o n photons may be produced which have 
energies comparable to t ha t of the pr imary e l e c t r o n s , though once 
again p a i r p roduc t ion absorp t ion would cause them to be r e l a t i v e l y 
shor t l i v e d . 
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1.4 Bamma Ray Absorp t ion Mechanisms 
In order t o deduce the gamma ray f l u x emit ted by an ob jec t from 
the f l u x r ece ived at the Ea r th , i t i s necessary to understand the 
absorp t ion processes t h a t may occur i n the space between the two. 
Three pos s ib l e processes, i l l u s t r a t e d i n Figure 1.3, e x i s t : 
(a) Absorp t ion by Hat ter s For photons of energy above about 100 
KeV the i n t e r a c t i o n cross sec t ion f o r pa i r . -p roduc t ion and Compton 
s c a t t e r i n g w i t h the i n t e r s t e l l a r and i n t e r g a l a c t i c hydrogen can be 
considered t o be n e g l i g i b l e (Faz io , 1967). 
(b) Absorp t ion by Photons ; A high energy gamma r ay , t r a v e r s i n g the 
i n t e r s t e l l a r or i n t e r g a l a c t i c medium, may i n t e r a c t w i t h the photons 
of the 3° K microwave background - a r e a c t i o n which r e s u l t s i n the 
p roduc t ion of an e l e c t r o n - p o s i t r o n pa i r and the a n n i h i l a t i o n of the 
pr imary photons. For i n c i d e n t photons of f requency f i and f 2 the 
f o l l o w i n g energy t h r e s h o l d c o n d i t i o n e x i s t s : 
h f j . h f r > ( m . c 2 ) 2 
(where m. = the e l e c t r o n r e s t mass and h = P lanck ' s c o n s t a n t ) . 
The l e v e l of a t t e n u a t i o n of a gamma ray beam i s c l e a r l y dependent 
upon the d i s t ance to the source and the prec ise temperature of the 
microwave background. For sources more d i s t a n t than about 10 Kpc 
i t i s expected t h a t the process w i l l become impor tant f o r photons 
of energy i n excess of about 1 0 1 4 eV (Gould and Schreder, 1966). 
(c) Absorp t ion by Magnetic F i e l d s : Energet ic gamma rays i n s t rong 
magnetic f i e l d s can decay spontaneously by p a i r - p r o d u c t i o n (see f o r 
example Qgelman et a l . , 1976). The e f f e c t has s i g n i f i c a n t 
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Figure 1.3 
Gamma ray abso rp t i on mechanisms 
<a) Abso rp t ion by matter 
(b) Absorp t ion by photons 
(c) Abso rp t ion by magnetic f i e l d s 
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consequences c lose to the sur face , of a pulsar where the f i e l d 
s t r eng th i s h igh and any photons produced by a curva tu re r a d i a t i o n 
mechanism w i l l be s t r o n g l y a t t enua ted . 
I . 5 B r i e f Summary of the Present State of the F i e l d 
There are at present 6 groups a c t i v e i n the VHE gamma ray f i e l d , 
though not a l l are c u r r e n t l y making obse rva t ions . The f a c i l i t i e s 
operated by these , and 3 other groups i n the process of f o r m a t i o n , 
are summarised i n Table 1 . 1 . Although a l l the e x i s t i n g experiments 
have r a t h e r s i m i l a r energy th resho lds (around 1000 GeV) and 
s e n s i t i v i t i e s (around 1 0 _ 1 ° c m - 2 s~ l f o r a 10 hour observat ion) the 
more recent b e n e f i t s i g n i f i c a n t l y from the use of modern 
e l e c t r o n i c s and microprocessors . An example of t h i s i s the present 
experiment which makes use of a microcomputer t o c o n t r o l and 
monitor the equipment, thereby enabl ing a more thorough record to 
be kept of i t s performance than has p r e v i o u s l y been pos s ib l e . 
Taking the c r i t e r i a f o r s t a t i s t i c a l s i g n i f i c a n c e of r e s u l t s of 
3-4 standard d e v i a t i o n s <SD), suggested by Porter and Weekes (1978) 
there e x i s t e d , p r i o r t o the present experiment , 4 s t rong candidate 
sources f o r which de t ec t i ons had been claimed at energies i n the 
range 100 - 5000 GeV. These w i l l b r i e f l y be discussed : 
(1) The Crab Pulsar : A l a rge number of observat ions of t h i s 
o b j e c t have been made by va r ious groups at VHE gamma ray energies 
w i t h 5 p o s i t i v e de t ec t i ons of pulsed emission having been c la imed. 
For a d e t a i l e d review of these r e s u l t s see Porter and Weekes (1978) 
and Gr ind lay (1982) . While there i s reasonable agreement t ha t the 
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LOCATION/ 
INSTIT. 
LAT/ 
ALT. 
TEL. TYPE THRESHOLD 
(SEV) 
NOTES 
Whipple Obs 
Tucson, USA. 
SAO, UCD 
U.of Hawaii 
Iowa, Durham 
30° N 
2700m 
60m t e s se l a t ed 
c o l l e c t o r 
+2m S /Ligh t s 
+25m Solar 
c o l l e c t o r 
500 
1000 
500 
1983 
1970-1982 
1984 
Crimea, USSR. 
Crimea A.O. 
30° N 
SL 
4X1.2m S /L igh t s 
MMT System 
1000 
500 
1972-1982 
1983-pres. 
Tienshan. 
CAO+Lebedev 
35° N 
3000m 
2X1.2m S /Ligh t s 1000 1979-pres 
Edwards, C a l . 
U. of Iowa, 
JPL 
40°' N 
SL 
2X2Sm Solar 
Col l e c t o r s 
500 Aug-Sep 
1981-1982 
Dugway, Utah. 
U. of Durham, 
UK. 
40° N 
1450m 
4 X t r i p l e m i r r o r 
S /L igh t t e l s . 
1000 1981-1984 
Madison, WI. 
U. Wisconsin 
45° N 
? 
S /L igh t s 1000 Dev. Work 
i n 1982 
Su the r l and , 
(SA) 
30° S 4 X t r i p l e 1000 i n dev. 
A u s t r a l i a , 
U. of Durham 
30° S 4XTr ip l e m i r r o r 700 i n dev. 
A u s t r a l i a, 30° S ? ? i n dev. 
U.of Tokio 
Table 1.1 
Ground based VHE gamma ray f a c i l i t i e s opera t ing at 
p resent , or under cu r ren t developement 
spectrum -from the ob jec t must steepen between the pulsed f l u x seen 
at about 1 GeV (M cBreen et a l . , 1973) and t ha t seen at about 1000 
SeV, no consensus has emerged about the p rec i se nature of t h i s 
emission s ince r e s u l t s r epor ted by d i f f e r e n t groups have o f t e n 
appeared to be i n c o n s i s t e n t . 
(2) The Vela Pulsar s Observations i n 1972 provided evidence at 
around the 4 SD l e v e l f o r pulsed VHE gamma ray emission from t h i s 
o b j e c t (Gr ind lay et a l . , 1975a and 1975b). The i n d i c a t i o n was tha t 
the main pulse of the emission occurred s l i g h t l y before tha t seen 
at r a d i o f r e q u e n c i e s . 
(3) Cyqnus X-3 : This o b j e c t has been the subjec t of i n t e n s i v e VHE 
gamma ray observa t ions s ince the t ime of i t s massive r ad io ou tburs t 
i n 1972 (Gregory, 1972). The f i r s t observat ions were made by the 
Crimean group who s tud ied i t immediately a f t e r the ou tburs t and who 
have cont inued to monitor i t u n t i l the present t i m e . Their r e s u l t s 
(summarised by Neshpor, et a l . , 1979) and those of other groups 
(Danaher et a l . , 1981; Lamb, et a l . , 1981) have i n d i c a t e d tha t the 
VHE gamma ray emission f rom the o b j e c t shows the c h a r a c t e r i s t i c 4.8 
hour ampl i tude modulat ion seen at X-ray (Eisner et a l . , 1980) and 
i n f r a - r e d (Mason et a l . , 1976) wavelengths, w i t h the peak i n the 
gamma ray emission c o i n c i d i n g w i t h the X-ray maximum. A p o s i t i v e , 
4.8 hour modulated s igna l has a lso been repor ted at energies i n 
excess of 1 0 1 3 eV by Samorski and Stamm (1983) and Lloyd-Evans et 
a l . , (1983) . Doubt s t i l l e x i s t s , however, about many of the 
d e t a i l e d p r o p e r t i e s of these emissions and f u r t h e r observat ions are 
needed. 
(4) Cen-A : A d e t e c t i o n has been claimed f o r t h i s ob jec t by 
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Grind lay et a l . (1975a and 1975b) -from observat ions made over a 
t o t a l pe r iod of 3 years . The o v e r a l l s i g n i f i c a n c e of the de t ec t ion 
was about 4.6 SD. 
The remarkable d i v e r s i t y of nature of these 4 ob jec t s - two 
known p u l s a r s , an X-ray b ina ry and an a c t i v e galaxy - leads one to 
the promis ing view tha t many more sources may be discovered i n the 
years to come. 
1.6 The Aims of the Present Work 
As l i k e l y sources f o r any newly-commissioned nor thern hemisphere 
VHE gamma ray observatory two o b j e c t s are prime candidates : Cygnus 
X-3 and the Crab Pulsar . Both o b j e c t s are e a s i l y observable at 
reasonable z e n i t h angles i n the l a t e summer and autumn months from 
Dugway, and both are on the ' s t r o n g candida tes ' l i s t discussed i n 
the p rev ious s e c t i o n . For these reasons most of the a v a i l a b l e 
observing t ime i n 1981 and 1982 was devoted to them.- This work 
w i l l r e p o r t the conclus ions drawn from these obse rva t ions . 
At the s t a r t of the present experiment Cygnus X-3 was perhaps 
the best example of a ' s tandard cand le ' t ha t ex i s t ed at energies 
above 1 0 1 2 eV. I t was hoped t ha t observat ions of the ob jec t would 
c o n t r i b u t e to the growing body of i n f o r m a t i o n i n exis tence and, i n 
a d d i t i o n , p rov ide a good i n d i c a t i o n of the performance and 
s e n s i t i v i t y of the equipment. Observations of the Crab Pulsar , i t 
was hoped, would help to pa in t a c l ea re r p i c t u r e of the nature of 
any pulsed VHE gamma ray emission f rom the o b j e c t than ex i s t ed 
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p r e v i o u s l y . 
As w i l l be seen, i n t e r e s t i n g and impor tant r e s u l t s were to be 
found f rom observa t ions of both o b j e c t s . 
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Chapter Two 
The Atmospheric Cerenkov Techniq 
2.1 I n t r o d u c t i o n 
The s e n s i t i v i t y of s a t e l l i t e - b o r n e de tec to r s to the low f l u x e s 
seen at energies above about 1 0 l ° eV i s severely l i m i t e d by t h e i r 
r e l a t i v e l y small c o l l e c t i n g areas. For example, a s a t e l l i t e 
de tec to r of c o l l e c t i n g area l m 2 would detect only about 1 photon 
above 1 0 t 2 eV every 100 days f rom Cygnus X-3 - one of the s t ronges t 
known sources at such energ ies . For u s e f u l observat ions to be made 
a de tec to r of much grea ter c o l l e c t i n g area i s r equ i r ed and i t i s i n 
t h i s r e spec t , as w i l l be expla ined f u r t h e r , t ha t the atmospheric 
Cerenkov technique has a major advantage over any o the r . 
The purpose of t h i s chapter i s to provide a summary of the 
p roduc t ion and d e t e c t i o n of Cerenkov l i g h t i n a i r showers and to 
g ive a b r i e f h i s t o r y of the a p p l i c a t i o n of the technique to VHE 
gamma ray astronomy. 
2.2 The Theory of Cerenkov L i g h t Product ion 
Given a d i e l e c t r i c medium of r e f r a c t i v e index r , the phase 
v e l o c i t y of l i g h t i n the medium, V p h , i s given by : 
V p h = c_ 2 .1 
r 
where c i s the v e l o c i t y of l i g h t i n vacuo. I t was shown by 
Cerenkov (1934) t ha t the passage of a charged p a r t i c l e through the 
medium w i t h a v e l o c i t y , V p , i n excess of V p „ r e s u l t s i n the 
emission of coherent e lec t romagnet ic r a d i a t i o n . The s imples t way 
to represent the e f f e c t i s through a Huygens cons t ruc ton - as shown 
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i n F igure 2 . 1 . Consider ing r a d i a t i o n to be con t inuous ly emi t ted 
f rom the v i c i n i t y of the p a r t i c l e as i t t r averses the path from A 
to B, i t can be shown tha t c o n s t r u c t i v e i n t e r f e r e n c e w i l l occur f o r 
those photons emi t ted at an angle A c to the d i r e c t i o n of motion of 
the charged p a r t i c l e , where A c i s given by : 
c o s ( A e ) V P h = 1 2 . 2 
V P jB.r 
where = V P 2 . 3 
c 
The symmetry of emission of the Cerenkov photons about the 
d i r e c t i o n of motion of the charged p a r t i c l e r e s u l t s i n the 
f o r m a t i o n of a Cerenkov cone of r a d i a t i o n , as shown i n Figure 2 . 2 . 
I t f o l l o w s f rom the above r e l a t i o n s tha t f o r a given value of 
r e f r a c t i v e index there e x i s t s a p a r t i c l e t h r e sho ld v e l o c i t y , V m i n , 
g iven by : 
Vrnln = c_ 2 . 4 
r 
below which no r a d i a t i o n w i l l take p lace , and f o r which A c = 0 . In 
the case of an u l t r a - r e l a t i v i s t i c p a r t i c l e , f o r which j3 approaches 
u n i t y , a maximum angle of emiss ion , A m . * , e x i s t s , given by : 
A*,** = c o s - 1 ( 1 / r ) 2 . 5 
Since the r e f r a c t i v e index of a medium i s not cons tan t , being 
dependent upon photon wavelength, ne i the r i s A m a » . Furthermore, 
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no e m i s s i o n can take p l a c e at those - f requencies -for which the 
r e f r a c t i v e index of the medium i s l e s s than u n i t y , s i n c e the 
requ i rement ' i s tha t the charged p a r t i c l e has a v e l o c i t y in e x c e s s 
of V P h , which would i n t h i s c a s e be g r e a t e r than c . T h i s l i m i t s 
the Cerenkov y i e l d to the microwave, i n f r a r e d , v i s i b l e and 
u l t r a - v i o l e t p a r t s of the spectrum and p r o h i b i t s the emiss ion of 
X - ray or gamma ray Cerenkov photons. 
The v a r i a t i o n of the Cerenkov y i e l d with wavelength has been 
d i s c u s s e d by Frank and Tamm (1937) and by J e l l e y (1958 ) . I t has 
been shown t h a t the number of photons emit ted per un i t path l e n g t h , 
by a charged p a r t i c l e of v e l o c i t y £ , between the wavelengths A i 
and A 2 i s g iven by : 
dN_ = ( 2?r_) . ( 1_ - l_ ) . s i n 2 ( A c ) 2 .6 
dl 137 A t A 2 
where A c i s g iven in equat ion 2 . 2 . 
An example of the use of t h i s equat ion i s that of a r e l a t i v i s t i c 
e l e c t r o n of energy above 1 MeV p a s s i n g through a i r of r e f r a c t i v e 
index 1 .00029. Under t h e s e c i r c u m s t a n c e s about 28 photons per 
metre of path length would be emit ted between the wavelengths 350 
and 550 nm. 
2 .3 Cerenkov L i g h t i n A i r Showers 
When e i t h e r a VHE gamma ray or a high energy cosmic ray p a r t i c l e 
e n t e r s the atmosphere i t i s faced with at l e a s t 1030 g c m - 2 of 
matter through which to pass in order to reach ground l e v e l . In 
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e i t h e r c a s e , i n t e r a c t i o n between the pr imary photon or p a r t i c l e and 
the a tmospher ic n u c l e i o c c u r s at a r e l a t i v e l y e a r l y s tage r e s u l t i n g 
in the format ion of r e l a t i v i s t i c daughter p roducts such as p i o n s , 
s t r a n g e p a r t i c l e s and heavy mesons. Charged p ions in the shower 
e i t h e r i n t e r a c t c a t a s t r o p h i c a l 1 y with a i r n u c l e i producing other 
p i o n s , or they decay to produce muons and n e u t r i n o s . The muonic 
component of the shower , formed in t h i s way, i s h i g h l y p e n e t r a t i n g 
and the m a j o r i t y of muons s u r v i v e without f u r t h e r i n t e r a c t i o n to 
ground l e v e l . Neut ra l p ions produced in the shower have a very 
s h o r t l i f e t i m e (about 1 0 _ l A s ) and decay almost immediately i n t o 2 
gamma r a y s which p a i r produce to form e n e r g e t i c e l e c t r o n s and 
p o s i t r o n s . These i n turn g ive r i s e , v i a the bremsstrah lung 
p r o c e s s , to e n e r g e t i c gamma r a y s which once again p a i r produce back 
to e l e c t r o n - p o s i t r o n p a i r s . In t h i s way an e l e c t r o n - p h o t o n (e -
¥) c a s c a d e d e v e l o p e s with the number of e l e c t r o n s f i r s t i n c r e a s i n g 
r a p i d l y u n t i l the s o - c a l l e d ' h e i g h t of maximum' i s reached (at a 
h e i g h t of about 12 km), and then d e c r e a s i n g (as the energy of the 
B r e m s s t r a h l u n g produced gamma r a y s becomes too low for them to 
p a i r - p r o d u c e ) to d i e away comple te ly at a he ight wel l above sea 
l e v e l . The p r o c e s s i s shown s c h e m a t i c a l l y in F i g u r e 2 .3 ( J e l l e y , 
1983) . For a more d e t a i l e d d e s c r i p t i o n s e e , for example, Protheroe 
( 1 9 7 7 ) , or Macrae (Ph .D . t h e s i s , in p r e p a r a t i o n ) . 
Although the e n e r g e t i c p a r t i c l e s in a shower do not pene t ra te to 
ground l e v e l in any measurable q u a n t i t i e s (at l e a s t for pr imary 
e n e r g i e s of around 1000 S e V ) , the r e l a t i v i s t i c e l e c t r o n s produce 
o p t i c a l Cerenkov l i g h t (by the p r o c e s s d e s c r i b e d in S e c t i o n 2 .2 ) 
which does - and which may be d e t e c t e d us ing a r e l a t i v e l y s imple 
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F i g u r e 2 . 3 
A s c h e m a t i c r e p r e s e n t a t i o n of the development 
. of a gamma ray induced a i r shower 
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o p t i c a l s y s t e m . The p r e c i s e amount of Cerenkov l i g h t produced in 
an a i r shower depends upon the type of i n i t i a t i n g p r imary . At 
e n e r g i e s of around 1000 GeV a cosmic ray p a r t i c l e impar ts 
r e l a t i v e l y more of i t s energy i n t o the muon component of the shower 
and, as a r e s u l t , g i v e s r i s e to only about h a l f the number of 
Cerenkov photons produced by a pr imary gamma ray of the same energy 
(Weekes and T u r v e r , 1977) . Because of t h i s the energy t h r e s h o l d of 
a system u s i n g the techn ique i s about 30% h igher for pr imary cosmic 
r a y s than fo r pr imary gamma r a y s . 
Le t us now rev iew some of the important c h a r a c t e r i s t i c s of the 
Cerenkov l i g h t produced in a gamma ray i n i t i a t e d a i r shower. 
S p e c t r a l Shape s For the r e a s o n s d i s c u s s e d in S e c t i o n 2 .2 i t i s 
e v i d e n t t h a t much of the Cerenkov l i g h t i n an a i r shower w i l l be 
produced in the v i s i b l e - u l t r a - v i o l e t reg ion of the EM spectrum. 
A s i m u l a t i o n of the expected development of a 100 GeV gamma ray 
induced a i r shower (Browning and T u r v e r , 1977) l e a d s to the 
s p e c t r u m , shown in F i g u r e 2 . 4 , of those photons having d i r e c t i o n s 
of motion p a r a l l e l to that of the i n c i d e n t gamma r a y . As can be 
s e e n , the Cerenkov l i g h t i s emit ted predominant ly at the blue end 
of the v i s i b l e spec t rum. The ' c u t - o f f ' apparent at wavelengths 
below about 320 nm a r i s e s because of a b s o r p t i o n in the s e v e r a l km 
of atmosphere the l i g h t p a s s e s through on i t s way to ground l e v e l . 
T y p i c a l Photon D e n s i t y : T h i s i s a f a c t o r which depends s t r o n g l y 
upon the pr imary energy of the shower. At pr imary gamma ray 
e n e r g i e s of 1000 GeV i t has been shown (Macrae, Ph .D. t h e s i s , in 
p r e p a r a t i o n ) t h a t t y p i c a l photon d e n s i t i e s of 50-100 n r 2 may be 
expected at s e a l e v e l . 
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F i g u r e 2 .4 
The s p e c t r a l c o m p o s i t i o n of Cerenkov photons 
at s e a l e v e l , near the c e n t r e of the l i g h t 
pool produced by a v e r t i c a l l y a r r i v i n g 100 GeV 
gamma r a y 
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The Angular D i s t r i b u t i o n : The r e f r a c t i v e index of a i r at sea l e v e l 
i s 1.00029 g i v i n g r i s e , as can be shown from equat ion 2 . 2 , to a 
Cerenkov cone angle for r e l a t i v i s t i c e l e c t r o n s of about 1 . 3 ° . The 
ex ten t of the l i g h t pool produced at ground l e v e l , however, i s 
i n f l u e n c e d to a g r e a t e r degree by the m u l t i p l e Coulomb s c a t t e r i n g 
of the e l e c t r o n s in the e - V c a s c a d e - which can be as high as 
1 0 ° . 
L a t e r a l D i s t r i b u t i o n : D e t a i l e d computer s i m u l a t i o n s have been 
performed which p r e d i c t the shape and s i z e of the l i g h t pool 
produced at ground l e v e l by a gamma ray i n i t i a t e d a i r shower. An 
example of such a ' l a t e r a l d i s t r i b u t i o n ' i s given in F i g u r e 2 . S 
(Macrae, P h . D . t h e s i s , in p r e p a r a t i o n ) , which shows the v a r i a t i o n 
of photon d e n s i t y expected from a v e r t i c a l l y a r r i v i n g primary gamma 
ray of energy 1000 GeV, as seen by a Dugway t e l e s c o p e with f i e l d of 
view 1 .7 ° (see S e c t i o n 2 . 4 ) . I t i s the l a r g e ex tent of t h i s l i g h t 
pool which g i v e s the t e c h n i q u e the very l a r g e e f f e c t i v e c o l l e c t i n g 
a r e a s ( > 1 0 s m2) n e c e s s a r y for work at t h e s e e n e r g i e s . 
Dura t ion of L i g h t F l a s h s D i r e c t measurements show that the 
Cerenkov l i g h t p u l s e produced at s e a l e v e l by a proton or gamma ray 
of pr imary energy 1000 GeV has a t y p i c a l d u r a t i o n of about 10 ns -
c o r r e s p o n d i n g to a p h y s i c a l t h i c k n e s s of the l i g h t f r o n t of about 
3m. The r i s e t i m e of the p u l s e , which i s c o n s i d e r a b l y l e s s than 
t h i s , d i c t a t e s tha t f a s t p h o t o m u l t i p l i e r tubes with shor t response 
t imes need to be u s e d . 
Zen i th Angle Dependence : The r a t e of d e t e c t i o n of proton or gamma 
ray induced a i r showers shows a s t rong z e n i t h angle dependence, 
wi th those showers a r r i v i n g away from the z e n i t h o c c u r i n g much l e s s 
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F i g u r e 2 . 5 
The ' l a t e r a l d i s t r i b u t i o n ' of Cerenkov l i g h t 
produced by a v e r t i c a l l y a r r i v i n g 1000 GeV gamma 
ray induced a i r shower 
i r 
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f r e q u e n t l y than those a r r i v i n g v e r t i c a l l y . T h i s can be understood 
in terms of the g r e a t e r a tmospher ic depth faced by those p r i m a r i e s 
a r r i v i n g o b l i q e l y - wi th the r e s u l t a n t i n c r e a s e in the l e v e l of 
photon a b s o r p t i o n o c c u r i n g be fore the Cerenkov l i g h t r e a c h e s ground 
l e v e l . Q a l b r a i t h and J e l l e y (1955) have shown tha t the count r a t e 
i s roughly p r o p o r t i o n a l to c o s 2 - a ( 0 ) - where 9 i s the z e n i t h 
angle - and t h i s i s borne out by the p r e s e n t experiment (see 
S e c t i o n 3 . 7 b ) . 
Having summarised the main p r o p e r t i e s of the Cerenkov r a d i a t i o n 
produced i n an a i r shower l e t us now c o n s i d e r the ways in which i t 
may be d e t e c t e d . 
2 .4 The P r i n c i p l e s of Design of a VHE Gamma Ray Te lescope 
The e s s e n t i a l components of a system able to de tec t the weak 
Cerenkov l i g h t produced by cosmic or gamma ray induced a i r showers 
are shown i n F i g u r e 2 . 6 . The Cerenkov l i g h t i s r e f l e c t e d from the 
f a c e of a concave mi r ro r onto the photocathode of a f a s t 
p h o t o m u l t i p l i e r tube which t r a n s l a t e s the l i g h t f l a s h i n t o an 
e l e c t r o n i c p u l s e whose he ight and width are r e l a t e d to the s t r e n g t h 
and d u r a t i o n of the o p t i c a l f l a s h . A system as s imple as t h i s , 
however , would respond mainly to the f l u c t u a t i o n s in n i g h t - s k y . 
b r i g h t n e s s o c c u r r i n g at the o b s e r v i n g s i t e and would not be of very 
much use as a d e t e c t o r of a i r showers . 
To overcome t h i s problem s e v e r a l such mi r ror combinat ions are 
po in ted at the same par t of the sky and the l i g h t f l a s h e s recorded 
by each tube (at t y p i c a l r a t e s of s e v e r a l Khz, depending upon the 
17 
F i g u r e 2 . 6 
The e s s e n t i a l components of a ground based 
VHE gamma ray t e l e s c o p e 
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eky brightness and the EHT supplied to the tubes) are fed into a 
coincidence unit which requires a signal to occur in each of the 
channels within a given time-gate (of the order of 100ns) to 
reg is te r an event. Using such a method the system becomes 
s e n s i t i v e only to the extremely short f lashes of l ight produced by 
an a i r shower. For example, the Dugway equipment requires a 3-fold 
coincidence between paraxial mirror-phototube systems for 
detect ion , and under typ ica l observing conditions the accidental 
rate (the rate at which the random sky noise produces a pulse in 
each tube within the duration of the time-gate) i s l e s s than about 
1 event per 10 hours. 
The basic response c h a r a c t e r i s t i c s of such a coincidence system 
are dependent upon several parameters : 
The Phototube S e n s i t i v i t y : This parameter s p e c i f i e s the minimum 
number of photons which need to be deposited on the photocathode 
for the tube to produce a voltage pulse higher than the 
d iscr iminat ion level adopted (see Section 3 . 5 ) . In order to 
minimise the energy threshold of a telescope phototubes should be 
used which are p a r t i c u l a r l y s e n s i t i v e to the blue end of the 
opt ical range where much of the Cerenkov l ight i s produced. 
The Mirror Area J This i s another factor which a f fec ts the energy 
threshold of the system since the larger the mirror co l lec t ing area 
the greater the number of photons deposited on the tube face for a 
given shower energy. 
The F i e l d of View s This i s defined by the focal length of the 
mirror and the e f fec t i ve cathode diameter of the photomultiplier 
tube. T y p i c a l l y i t i s set to be about 1.7° (as defined by the f u l l 
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width at half maximum (FWHM)), though in pract ice the f i n i t e width 
of the Cerenkov cone has the e f fect of increasing th is value to 
about 2 .2° (see Section 3 . 7 c ) . I d e a l l y , the f i e l d of view of the 
telescope should be matched as c lose ly as possible with the beam 
width of the Cerenkov f l a s h ; i f i t i s any wider then the system 
unnecessar i ly counts cosmic ray protons ar is ing from near the edge 
of the f i e l d of view, and i f i t i s too narrow then gamma ray 
induced showers coming from the source may not always be detected. 
The d e t a i l s of design of a ground based VHE gamma ray telescope 
w i l l be discussed further in Chapter 3. 
2.5 ft Br ief History of Ground Based Cerenkov Observations 
I t was Blackett (1948) who f i r s t suggested that the Cerenkov 
radiat ion produced by r e l a t i v i s t i c p a r t i c l e s in cosmic ray induced 
a i r showers may contribute s i g n i f i c a n t l y to the night sky 
br ightness. He showed that perhaps 0.01?. of the total night sky 
brightness may a r i s e in t h i s way - a f ract ion i t was not considered 
f e a s i b l e to attempt to detect . 
In 1953 Galbraith and J e l l e y suggested that s ince the opt ical 
Cerenkov f l a s h produced by an a i r shower would only l as t for 
perhaps 10 n s , during which time the Cerenkov photon density may 
considerably exceed that of the night sky, i t might indeed be 
detectable. This they demonstrated to be the case using r e l a t i v e l y 
simple equipment consist ing of the fas tes t ava i lab le 
photomultipl ier tube mounted at the focus of an ex-army 25 cm f / 0 . 5 
parabol ic s i g n a l l i n g mirror. They observed large s ingle pulses 
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from the night sky which had the expected pulse height spectrum and 
which they showed to occur simultaneously with the pulses from a 
nearby shower p a r t i c l e detector (Galbraith and J e l l e y , 1953). 
I t was soon r e a l i s e d that the technique had great value for the 
study of the cosmic ray background and the subject was taken up in 
a number of other count r ies , most notably the Soviet Union 
(Nesterova and Chudakov, 1955) where the f i r s t independent 
confirmation of the work was obtained. The suggestion that the 
technique could be' applied to the study of energetic gamma rays was 
made soon af ter by Morrison (1958). For a summary of th is early 
work see J e l l e y (1967), and J e l l e y and Porter (1963). 
In the years s ince then the appl icat ion of the technique to VHE 
gamma ray astronomy has been taken up by a number . of groups most 
notably in the USSR, I re land , the USA, India and the UK, and a 
tota l of 20 experiments have been performed. For a detai led 
descr ipt ion of these experiments see Porter and Weekes (1978). For 
a summary of those experiments presently being performed see Table 
1.1. Although many developments have been made in the f i e l d , 
e s p e c i a l l y with the improvement in e lec t ron ics over the past 2 
decades, the basic p r i n c i p l e s of the detection technique have 
remained the same. 
2.6 Observational Techniques used in th is Work 
The vast majority of showers detected by a ground based gamma 
ray telescope are i n i t i a t e d by the primary cosmic ray background. 
As a r e s u l t , except in cases of unusually strong gamma ray 
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amission, the ' s i g n a l / n o i s e ' in the data recorded by the system i s 
very low. The 'saving grace' i s the fact that the cosmic ray 
proton background i s found to be highly isot ropic in both a spat ia l 
and a temporal sense. 
The simplest and e a r l i e s t used observational method takes 
advantage of the s p a t i a l anisotropy of gamma ray events from a 
d iscre te source and i s known as the ' d r i f t scan ' technique. In 
t h i s the telescope i s pointed at a par t icu lar part of the sky and 
kept s ta t ionary ; as the Earth rotates the telescope sweeps across a 
l ine of constant decl inat ion and the source i s allowed to pass 
through i t s f i e l d of view. Since the zenith angle of the telescope 
remains constant , a constant background counting rate i s expected. 
Thus, a gamma ray emitting source would be expected to increase the 
overa l l rate of the system while in the f i e l d of view. 
A s ing le d r i f t scan usual ly takes the form of three d i s t i n c t 
s e c t i o n s ; an 'QN' period during which time the source i s in the 
f i e l d of view, and two 'OFF' periods before and after the ON period 
when the source i s out of the f i e l d of view and only a background 
counting rate i s expected. The duration of scan necessary depends 
upon the decl inat ion of the source as th is i s the factor which 
determines the time taken by the source to d r i f t across the 
physica l aperture of the te lescope. The technique i s r e l a t i v e l y 
simple to use but has the disadvantage that due to the necessity of 
determining an accurate background counting rate the source i s only 
in the f i e l d of view of the system for about 30% of the total 
observing time. 
An a l te rna t ive to the d r i f t scan method i s to continuously track 
1 
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the source, keeping i t in the centre of the f i e l d of view at a l l 
t imes. While t h i s method would not be successfu l in detecting 
emission from an object producing a continuous unpulsed flux of 
gamma rays - s ince the incoming gamma ray events would simply 
increase the apparent background rate of the system - i t i s 
p a r t i c u l a r l y s e n s i t i v e to t rans ient or periodic gamma ray emission, 
ei ther of which would show up as a temporal anisotropy in the data. 
The p r inc ipa l advantage of the technique l i e s in the fact that the 
object i s monitored 100% of the time. A disadvantage l i e s in the 
increase in complexity of ana lys is techniques necessary to recover 
any signal ex is t ing in the data. 
The data a n a l y s i s techniques appl icable to observations taken in 
both the above modes w i l l be discussed in deta i l in Chapter 5. 
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Chapter Three 
The Experiment 
3.1 Introduction 
I t i s not the purpose of t h i s chapter to present a f u l l and 
detai led descr ip t ion of every aspect of the Dugway array - such a 
task would be beyond the scope of t h i s work and would indeed 
const i tu te a whole th es is of i t s own. Rather, i t i s intended to 
summarise the basic design and construction c h a r a c t e r i s t i c s of the 
equipment and to provide d e t a i l s of i t s ca l ib ra t ion and 
performance. In addi t ion, the various problems encountered in i t s 
operat ion, and some of the ways in which they were overcome, w i l l 
be descr ibed. 
3.2 Geographical Descript ion of the S i te 
The array i s s i tuated at a height of about 1450 metres above sea 
level on the p la ins of the Utah deser t , about 100 miles south west 
of- Sa l t Lake C i t y , USA, at geographic 40.20° N and 112.82° W. The 
geocentric coordinates of the s i t e are : 
s i n ( i ) = 0.64219786 and 
c o s ( i ) = 0.76502095 
As can be seen in Plate 3.1 the s i t e i s open and f l a t and due to 
i t s r e l a t i v e i s o l a t i o n from c i t y l i g h t s (the nearest small town, 
Toele, i s about 40 miles away) has very good atmospheric ' s e e i n g ' . 
In addi t ion , i t s locat ion within the confines of the US army's 
Dugway Proving Ground provides important and necessary f a c i l i t i e s 
such as accomodation and secur i ty during the periods when the s i t e 
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Plate 3.1 
An elevated view of the Dugway array 
i s unmanned. The geographical parameters of the s i t e make i t ideal 
for studying a wide var ie ty of important northern hemisphere 
objects such as the Crab P u l s a r , Cygnus X-3 (which passes almost 
d i r e c t l y overhead) and 4C21 - the recent ly discovered mil l isecond 
pu lsar . The reasonably high elevation of the s i t e (almost a mile 
above sea l eve l ) i s also advantageous for optical Cerenkov work. 
The weather patterns experienced at the s i t e help to make i t 
favourable for atmospheric Cerenkov observations. The re la t i ve 
cloud cover throughout the year (obtained from the Global Atlas of 
Relat ive Cloud Cover, 1967-1970, published by the US Department of 
Commerce and the USAF), when combined with the total night sky 
time, gives the expected number of hours of data ava i lab le in each 
month shown in Table 3.1. 
The array i t s e l f c o n s i s t s of four independently operable gamma 
ray te lescopes located at the centre and apices of an equi la tera l 
t r iang le of approximate side 100 metres - see Figure 3.1. Each 
telescope (which w i l l be described in deta i l in the next section) 
i s control led and monitored from a house t r a i l e r located inside the 
ar ray , within which i s contained the control and data recording 
systems. 
3.3 The Telescope Design 
Each telescope (one of which i s i l l u s t r a t e d in Plate 3.2) 
c o n s i s t s of a computer steerable alt-azimuth platform upon which 
are mounted three 1.5 metre diameter ' s e a r c h l i g h t ' mirrors. The 
platform i s s t a b i l i s e d by being set into a 10" thick concrete 
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Month Max Hours 1. d e a r % scat .c loud Total 
Jan 170 23.9 18.8 73 
Feb 160 18.9 20.9 64 
Mar 150 23.7 20.8 67 
Apr 130 23.6 23.1 ' 61 
May 100 20.4 26.8 47 
Jun 95 38.3 28.8 64 
Jul 100 37.2 35.1 72 
Aug 110 40.5 32.3 80 
Sep 130 52.8 24.5 100 
Oct 150 45.5 22.4 102 
Nov 165 33.7 21.7 - 91 
Dec 185 30.0 20.0 93 
Table 3.1 
The expected number of ava i lab le hours in each month 
for observations from Dugway 
Figure 3.1 
The geometrical arrangement of the array 
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Plate 3.2 
A Dugway VHE gamma ray telescope 


pl inth which provides the telescope with the necessary firm base. 
The three primary mirrors are attached to th is platform by means of 
r ig id aluminium wings and are accurately aligned (to a typical 
tolerance of about 0 .1° ) so as to have p a r a l l e l opt ical axes. 
The f i e l d of view of a ground based telescope designed to detect 
VHE gamma rays from d iscre te sources i s a c r i t i c a l factor in 
determining i t s s e n s i t i v i t y . Given the requirements discussed in 
Section 2 .4 , the opt ics of the Dugway telescopes was designed, as 
i l l u s t r a t e d in Figure 3 .2 , to give the system a point source 
aperture function response of about 1 .7° , as defined by the FWHM. 
In order to achieve t h i s a Cassegrain system was employed in which 
a secondary mirror of diameter 12", placed about 0.5 m in front of 
the primary, r e f l e c t s the image onto a roughly 3" diameter c i r c u l a r 
aperture placed in the focal plane. A fast 5" photomultiplier tube 
i s placed about 8 cm behind t h i s aperture, thus ensuring that the 
shower image i s not focussed, but i s spread evenly over the cathode 
surface of the tube. This i s done to help prevent the changes in 
phototube gain which occur i f a focussed image i s allowed to f a l l 
upon d i f fe rent parts of the cathode. To reduce the amount of stray 
l ight r e f l e c t i n g into the phototube the secondary mirror i s 
surrounded by a matt black c y l i n d r i c a l ba f f l e . 
The superstructure of the telescope i s supported on three metal 
bearings which run on the horizontal platform and allow the 
telescope to be rotated in the azimuthal plane under the control of 
a geared DC motor. The telescope can be driven in a l t i tude by 
means of a s e m i - c i r c u l a r geared rack acted on by the gear of a 
second motor attached to t h i s platform. A pair of shaft encoders 
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F i g u r e 3 .2 
A p lan of the t e l e s c o p e o p t i c s 
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F = 2 5 - 5 ' 
D = 5 9 - 7 ' 
F /D = 0 'A3 
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l i n k e d to the az imutha l and a l t i t u d i n a l gear wheels prov ide 
in fo rmat ion on the p o i n t i n g d i r e c t i o n of the t e l e s c o p e , and a l low 
i t to be s t e e r e d around the sky under computer c o n t r o l with a 
s e n s i t i v i t y of b e t t e r than 0 . 2 ° . At tached to an arm of the 
t e l e s c o p e i s a h i g h l y s e n s i t i v e t e l e v i s i o n camera which i s a l i g n e d 
o p t i c a l l y wi th the f o c a l a x i s of the m i r r o r s and, with a f i e l d of 
view of about 10°- and an a b i l i t y to r e c o r d s t e l l a r magnitudes as 
sma l l as 6 - 7 , e n a b l e s a c o n t i n u o u s check to be kept of both the 
approximate p o i n t i n g d i r e c t i o n of the t e l e s c o p e and the c l a r i t y of 
the s k y . 
Each t e l e s c o p e i s c o n t r o l l e d and monitored from a house t r a i l e r 
l o c a t e d near the c e n t r e of the a r r a y . The two are connected by 
s e v e r a l groups of c a b l e s which i n i t i a l l y pass underground from the 
t e l e s c o p e , through metal t u b i n g , to the 'mother -box ' - a weather 
proofed aluminium box s i t u a t e d about 3 metres from the t e l e s c o p e . 
From here the c a b l e s a re c a r r i e d on p o s t s to the c o n t r o l room where 
they are fanned out to t h e i r r e l e v a n t d e s t i n a t i o n s . In d e t a i l the 
v a r i o u s groups of c a b l e s a re : 
Phototube c a b l e s : There are 3 c a b l e s connected to each phototube; 
an EHT supply c a b l e , a high q u a l i t y s i g n a l c a b l e and a c a b l e 
c a r r y i n g the d i g i t i s e d temperature i n s i d e the c a s i n g of the tube. 
The EHT c a b l e s run only as f a r as the mother-box where the EHT 
supply u n i t s a re housed. The temperature and s i g n a l c a b l e s run a l l 
the way back to the t r a i l e r . 
P o s i t i o n Sensor c a b l e s ! A lead from each s h a f t encoder c a r r i e s 
d i g i t a l i n f o r m a t i o n which e n a b l e s the computer to deduce the 
p o i n t i n g d i r e c t i o n of the t e l e s c o p e . 
i 
! 
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Motor C a b l e s i A c a b l e to each motor e n a b l e s the p o i n t i n g d i r e c t i o n 
of the t e l e s c o p e s to be v a r i e d . 
AGC C a b l e s : L a b o r a t o r y t e s t s have demonstrated ( Q r f o r d , p r i v a t e 
communication) t h a t the ga in of a phototube ( the f a c t o r by which 
the dynode c h a i n a m p l i f i e s the i n i t i a l number of photocathode 
e l e c t r o n s ) i s a f u n c t i o n of the tube anode c u r r e n t . S i n c e gain 
changes a f f e c t the r e s p o n s e r a t e of a t e l e s c o p e to the cosmic ray 
background (by changing the number of photons r e q u i r e d to t r i g g e r a 
phototube) i t t h e r e f o r e becomes n e c e s s a r y to s t a b i l i s e the anode 
c u r r e n t s when o b s e r v a t i o n s r e q u i r i n g a c o n s t a n t background count 
r a t e (such as d r i f t s c a n s ) a re made. To a c h i e v e t h i s a smal l 
s e r v o - c o n t r o l l e d l i g h t e m i t t i n g diode ( L E D ) , p laced in the f i e l d of 
view of each m i r r o r , i s used to main ta in a c o n s t a n t l e v e l of anode 
c u r r e n t in the photo tubes . 
Camera Leads : As ment ioned, a h i g h l y s e n s i t i v e n igh t sky camera, 
mounted p a r a x i a l with the f o c a l a x i s of the t e l e s c o p e , i s used to 
help monitor the p o i n t i n g d i r e c t i o n of the sys tem. 
In a d d i t i o n to the EHT u n i t s the mother box a l s o ho lds the 
genera l power supp ly for the t e l e s c o p e and a s w i t c h i n g un i t which 
a l l o w s i t to be s t e e r e d under manual c o n t r o l . 
3 .4 The C o n t r o l and Moni tor ing of the Equipment 
The e s s e n t i a l component of the system i s a ' T e k t r o n i x 4031' 
microcomputer which both c o n t r o l s and moni tors almost every aspect 
of the a r r a y per formance . T h i s i s ach ieved by p l a c i n g both the 
4051 microcomputer and a Mostek ' F 8 ' m i c r o p r o c e s s o r c o n t r o l l e r , 
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together wi th a l l the u n i t s they c o n t r o l , on an I E E E - 4 8 8 databus 
which a c t s as a p a r a l l e l i n t e r f a c e between the v a r i o u s components. 
A p lan of the databus i s shown in F i g u r e 3 . 3 . 
For the m a j o r i t y of the t ime the F8 m i c r o p r o c e s s o r i s engaged in 
r e c o r d i n g incoming e v e n t s ; when a c o i n c i d e n c e u n i t (see the next 
s e c t i o n ) r e p o r t s that an a i r shower has been de tec ted the p r o c e s s o r 
' c o n s u l t s ' v a r i o u s u n i t s s i t t i n g on the databus for such 
i n f o r m a t i o n as the exac t time of the e v e n t , the ' T A C v a l u e s , the 
' Q T v a l u e s and the anode c u r r e n t s - t h i s in fo rmat ion i s then sent 
to the 9 - t r a c k tape deck which w r i t e s i t to t ape . Var ious other 
t y p e s of i n f o r m a t i o n recorded on tape under the c o n t r o l of the 4051 
microcomputer are d e s c r i b e d in S e c t i o n 4 . 4 b . The 4051 computer 
a l s o r e g u l a r l y c a l c u l a t e s the p o s i t i o n in the sky of the source 
being s t u d i e d and , through the motor d r i v e r u n i t s , s t e e r s the 
t e l e s c o p e s a c c o r d i n g l y . 
A u n i t connected to the I E E E - 4 8 8 databus c o n t i n u o u s l y 
s e r v o - c o n t r o l s the i l l u m i n a t i o n l e v e l of an LED p l a c e d in the f i e l d 
of view of each phototube to ma in ta in the c u r r e n t at a f i x e d l e v e l . 
3 .5 Summary of the F a s t E l e c t r o n i c s System 
A b lock diagram of the f a s t e l e c t r o n i c s system ( O r f o r d , p r i v a t e 
communicat ion) i s g iven in F i g u r e 3 . 4 . Le t us d i s c u s s each s e c t i o n 
in tu rn : 
(a) The C o i n c i d e n c e System : The s i g n a l r e c e i v e d from each of the 
t h r e e phototubes compr is ing a t e l e s c o p e i s fed i n t o a high q u a l i t y 
L e c r o y 'VV100' a m p l i f i e r which a m p l i f i e s i t by a f a c t o r of 10. The 
c h o i c e of a m p l i f i e r i s important s i n c e i t i s n e c e s s a r y for i t to be 
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F i g u r e 3 . 3 
A p lan of the I E E E - 4 3 8 databus 
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ab le to respond to the ext remely s h o r t d u r a t i o n p u l s e s ( r i s e t i m e s 
of the order of a few ns) produced by the passage of an a i r shower. 
Each a m p l i f i e d s i g n a l i s then passed i n t o a d i s c r i m i n a t o r un i t 
which r e j e c t s any p u l s e having a peak v o l t a g e of l e s s than about 
100 mV ( t h i s v a r i e s s l i g h t l y with each p h o t o t u b e ) , thereby reduc ing 
much of the l o w - l e v e l n o i s e produced in the t u b e s . The t h r e e 
a m p l i f i e d and d i s c r i m i n a t e d s i g n a l s are then fed i n t o a c o i n c i d e n c e 
u n i t which r e q u i r e s a s i g n a l to a r r i v e from each of the c h a n n e l s 
w i t h i n a s p e c i f i a b l e t ime i n t e r v a l (of the order of 100 ns) in 
order to produce an output . T h i s output i s then r e q u i r e d to a r r i v e 
in c o i n c i d e n c e with the de layed output from a 4th d i s c r i m i n a t o r 
u n i t i n t o which has been fed the t o t a l mixed and a m p l i f i e d s i g n a l 
from the 3 pho to tubes . An output from t h i s second u n i t i s then 
used as a s i g n a l to both the TEK 4051 and the TAC u n i t s that an a i r 
shower has been d e t e c t e d . 
(b) The ' F a s t - T i m i n g ' System : A s s o c i a t e d with each t e l e s c o p e i s a 
t i m e - t o - a n a l o g u e c o n v e r t e r u n i t (TAC) which c o n v e r t s measured time 
d e l a y s i n t o an analogue s i g n a l . When a c o i n c i d e n c e s i g n a l i s 
r e c e i v e d from any one of the t e l e s c o p e s ( s i g n a l s A, B, C and D - as 
d i s c u s s e d i n the p r e v i o u s s e c t i o n ) a s i g n a l ' E ' i s used to s t a r t 
each TAC u n i t count ing the t ime de lay u n t i l i t s own t e l e s c o p e a l s o 
d e t e c t s the passage of the shower. I f a t e l e s c o p e i s not t r i g g e r e d 
by the shower i t s TAC u n i t a u t o m a t i c a l l y s t o p s count ing a f t e r about 
200 ns has e l a p s e d . In t h i s way the output from the TAC u n i t s 
(which i s d i g i t i s e d and recorded whenever a Cerenkov f l a s h i s 
d e t e c t e d ) p r o v i d e s a measure of the r e l a t i v e a r r i v a l time of the 
shower f r o n t at each of the t e l e s c o p e s - from which an a c c u r a t e 
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d e t e r m i n a t i o n of i t s a r r i v a l d i r e c t i o n can be deduced. The 
c a l i b r a t i o n and a n a l y s i s of the in fo rmat ion prov ided by the TAC 
u n i t s i s d i s c u s s e d f u r t h e r in S e c t i o n s 3 .6c and 5 . 4 . 
(c ) The 'QT ' System : The s i g n a l produced when a c o i n c i d e n t p u l s e 
i s r e c e i v e d from each of the 3 p h o t o m u l t i p l i e r tubes compr is ing a 
t e l e s c o p e i s used as a ' g a t e ' to d i r e c t a ' c h a r g e - t o - t i m e ' 
c o n v e r t e r u n i t to read the charge conta ined in each of the 3 
p u l s e s . These charge v a l u e s are then d i g i t i s e d and put onto the 
1 1 - b i t word databus for even tua l r e c o r d i n g onto 9 - t r a c k tape . 
3 .6 C a l i b r a t i o n P r o c e d u r e s 
3 .6a The Ar ray Survey 
In order to a c c u r a t e l y deduce the a r r i v a l d i r e c t i o n of a shower 
t r i g g e r i n g t h r e e or more of the t e l e s c o p e s from the r e l a t i v e t imes 
of a r r i v a l of the shower at each i t i s n e c e s s a r y to know t h e i r 
r e l a t i v e p o s i t i o n s . T h i s was deduced by measuring the ground 
d i s t a n c e and o r i e n t a t i o n from magnetic nor th of each t e l e s c o p e from 
a datum p o i n t l o c a t e d c l o s e to the c e n t r e of the a r r a y . From t h i s 
i n f o r m a t i o n a s imple t r i g o n o m e t r i c a l a n a l y s i s y i e l d s the r e l a t i v e 
p o s i t i o n s of t e l e s c o p e s 2 , 3 and 4 from t e l e s c o p e 1. 
D e f i n i n g an x , y , z , c a r t e s i a n frame in which ' x ' and ' y ' l i e in 
the az imutha l p l a n e , ' x ' p o i n t s to magnetic north and ' z ' p o i n t s to 
the z e n i t h (as i n d i c a t e d in F i g u r e 3 . 1 ) , we deduce the in format ion 
g iven in T a b l e 3 . 2 . The e s t i m a t e d u n c e r t a i n t y in each of the given 
measurements i s of the order of +_0.1m w h i c h , in i t s e l f , g i v e s r i s e 
to an u n c e r t a i n t y in deduced a r r i v a l d i r e c t i o n s for I l l - f o l d 
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T e l e s c o p e 'x ' ' V 'z ' 
1 0 .00 0 .00 0.00 
2 30 .88 51 .45 - 1 . 8 3 
3 28 .43 - 5 2 . 6 6 0.46 
4 - 6 0 . 1 3 0.66 1.82 
Tab le 3 .2 
The r e l a t i v e p o s i t i o n ( i n metres) of t e l e s c o p e s 2 ,3 and 
4 from t e l e s c o p e 1. A c a r t e s i a n c o o r d i n a t e system i s 
used with ' z ' p o i n t i n g to the z e n i t h and ' x ' 
p o i n t i n g to magnetic north 
i n i t i a t i n g showers of about 0 . 1 ° (depending upon the p r e c i s e 
o r i e n t a t i o n of the shower with r e s p e c t to the a r r a y ) . 
3.6b The Energy T h r e s h o l d 
The approximate energy t h r e s h o l d of a t e l e s c o p e can be deduced 
from the r a t e at which i t r e c o r d s even ts i n i t i a t e d by the cosmic 
ray background (which c o n s t i t u t e the v a s t m a j o r i t y of events 
d e t e c t e d ) . To perform t h i s c a l i b r a t i o n i t i s n e c e s s a r y to conver t 
the count r a t e of the t e l e s c o p e ( in even ts s _ 1 ) to a f l u x va lue ( in 
e v e n t s c m - 2 s _ 1 s t r - 1 ) . Thus , both the f i e l d of view and the 
e f f e c t i v e c o l l e c t i n g a r e a of the t e l e s c o p e need to be a c c u r a t e l y 
known. Le t us c o n s i d e r each in turn for t e l e s c o p e 3. 
Count Rate at the Zen i th : The average count r a t e of t e l e s c o p e 3 at 
the z e n i t h d u r i n g the 1981 season of d r i f t scan o b s e r v a t i o n s of 
Cygnus X-3 was found to be : 
average z e n i t h r a t e = 16.9 m i n - 1 
= .282 s - 1 
F i e l d of View : C o n s i d e r i n g the a p e r t u r e f u n c t i o n of t e l e s c o p e 3 to 
be approximated by a G a u s s i a n f u n c t i o n of FWHM 2 . 2 ° +_0 .2 ° (see 
S e c t i o n 3 . 7 c ) , a s t a n d a r d s p h e r i c a l i n t e g r a t i o n may be performed 
( O r f o r d , p r i v a t e communication) which i m p l i e s tha t : 
f i e l d of view = (1 .67 * 8 : 1 1 ) . 1 0 ~ 3 s t r 
31 
C o l l e c t i n g Area i T h i s i s a parameter d i f f i c u l t to d e f i n e p r e c i s e l y 
because of the na ture of the d e t e c t i o n t e c h n i q u e . In c o n t r a s t to 
s a t e l l i t e - b o r n e d e t e c t o r s which respond d i r e c t l y to the pr imary 
cosmic or gamma ray f l u x an a r r a y such as the p r e s e n t one d e t e c t s 
only the secondary Cerenkov r a d i a t i o n produced in the i n t e r a c t i o n 
of the pr imary and i t s daughter p roducts with the atmosphere. 
Consequent ly the area w i t h i n which the core of a shower can f a l l 
and s t i l l t r i g g e r a t e l e s c o p e response i s a f u n c t i o n of the pr imary 
energy of the shower. An e s t i m a t e of t h i s a rea can be made by 
c o n s i d e r i n g the f a c t tha t the m a j o r i t y of showers which t r i g g e r 
t e l e s c o p e 3 do not a l s o t r i g g e r t e l e s c o p e 1. T h i s would i n d i c a t e 
tha t most showers de tec ted by the t e l e s c o p e f a l l we l l w i th in about 
60 metres of i t . As a r e a s o n a b l e e s t i m a t e l e t us t h e r e f o r e take 
the e f f e c t i v e c o l l e c t i n g a rea as being the c i r c l e , cent red on 
t e l e s c o p e 3 , of r a d i u s 40 +_ 10 m. T h i s i m p l i e s : 
e f f e c t i v e c o l l e c t i n g a rea of t e l . 3 = (5027 • i f i ? ) m2 
From the above v a l u e s we t h e r e f o r e deduce that the average 
i n t e g r a l cosmic ray f l u x seen at the z e n i t h by t e l e s c o p e 3 i s about 
(3 .4 i i : 8 ) . 1 0 ~ = o r 2 s _ t s t r - 1 . Assuming the i n t e g r a l cosmic ray 
f l u x at 1000 QeV to be 1.14 1 0 " 1 m" 2 s " 1 s t r " 1 , and an i n t e g r a l 
s p e c t r a l s l o p e of - 1 . 6 ( C r a i g , 1984) we t h e r e f o r e deduce : 
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energy t h r e s h o l d of t e l e s c o p e 
3 to cosmic ray induced showers = (2130 t i 3 £ 9 ) SeV. 
S i n c e t e l e s c o p e 3 has the h i g h e s t i n d i v i d u a l count ing r a t e of 
any of the t e l e s c o p e s t h i s v a l u e c o r r e s p o n d s to the a b s o l u t e energy 
t h r e s h o l d of the a r r a y to cosmic ray induced showers . Computer 
s i m u l a t i o n s have i n d i c a t e d t h a t gamma r a y s are more e f f i c i e n t in 
producing Cerenkov photons at ground l e v e l than are cosmic r a y s of 
the same energy (see S e c t i o n 2 . 3 ) , and thus the a b s o l u t e t h r e s h o l d 
of the a r r a y to gamma ray induced showers i s expected to be a 
f a c t o r of about 0.7 of t h i s v a l u e . We t h e r e f o r e deduce : 
/ 
, a b s o l u t e energy t h r e s h o l d of the 
a r r a y for gamma ray induced showers = (1491 * h \ % s ) SeV. 
I t i s c l e a r from t h i s a n a l y s i s that the es t imated energy 
t h r e s h o l d of the system i s l i k e l y to be u n c e r t a i n by about a f a c t o r 
of two. For the purpose of e v a l u a t i n g s o u r c e l u m i n o s i t i e s (see 
S e c t i o n 5 . 5 ) the a b s o l u t e t h r e s h o l d to gamma ray induced showers 
( for the low energy c h a n n e l ) was taken to be 1000 GeV, whi le the 
o v e r a l l t h r e s h o l d ( f o r a l l Cerenkov events d e t e c t e d ) was taken to 
be 1300 GeV. 
3 .6c The C a l i b r a t i o n of the TAC U n i t s 
The output from the TAC u n i t of a t e l e s c o p e g i v e s the r e l a t i v e 
t ime of a r r i v a l of a shower at the t e l e s c o p e in a d i g i t a l form 
w h i c h , to be m e a n i n g f u l , needs to be conver ted i n t o nanoseconds of 
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t ime . Each u n i t was e l e c t r o n i c a l l y c a l i b r a t e d by feeding i t with 
p a i r s of p u l s e s s e p a r a t e d by known time i n t e r v a l s (one of which 
s t a r t e d , and one of which stopped the u n i t ) and r e c o r d i n g the 
d i g i t i s e d o u t p u t . T h i s method c l e a r l y demonstrated the output 
from the u n i t s to be a s t r i c t l y l i n e a r f u n c t i o n of the input delay 
t ime . 
I t was not found p r a c t i c a b l e to 'a t tempt to perform a b s o l u t e 
c a l i b r a t i o n s of t h i s system s i n c e v a r i o u s d e l a y s e x i s t e d between 
the t e l e s c o p e s and t h e i r TAC u n i t s , such as in the phototubes and 
the c a b l e s , which were not the same for each t e l e s c o p e . Because of 
t h i s a ' r e l a t i v e c a l i b r a t i o n ' was performed in which the response 
of the system to r e a l a i r showers of known average a r r i v a l 
d i r e c t i o n s was examined. T h i s procedure was employed for each 
t e l e s c o p e and the r e s u l t s found to be s a t i s f a c t o r i l y c o n s i s t e n t . A 
more d e t a i l e d - d i s c u s s i o n of the techn ique w i l l be repor ted 
s e p a r a t e l y (Walmsley, Ph .D . t h e s i s , in p r e p a r a t i o n ) . 
3.6d The C a l i b r a t i o n of the QT U n i t s 
L i t t l e work has been done, as y e t , in d e c a l i b r a t i n g and 
i n t e r p r e t i n g the data produced by the QT u n i t s . As with the TACS, 
the output from a QT un i t i s in d i g i t a l form wi th the number of 
b i t s d i r e c t l y p r o p o r t i o n a l to the charge conta ined in the 
p h o t o m u l t i p i i e r p u l s e i n i t i a t e d by a shower. A d e t a i l e d d i s c u s s i o n 
of the i n f o r m a t i o n which can be e x t r a c t e d from the QT v a l u e s w i l l 
be r e p o r t e d s e p a r a t e l y (Dowthwaite, Ph .D . t h e s i s , in p r e p a r a t i o n ) . 
i 
i 
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3.6e The C lock C a l i b r a t i o n 
As w i l l be become c l e a r e r in C h a p t e r s 5 and 6, i t i s important 
to a c c u r a t e l y monitor the c l o c k r a t e at a l l t imes in order to 
perform meaningful p e r i o d i c i t y a n a l y s e s of the d a t a . The t iming in 
the exper iment was based on the 5 , 10 and 15 Mhz r a d i o s i g n a l s 
prov ided by the WWV s t a t i o n at Denver , C o . , w h i c h , once per minute, 
produces 5 c y c l e s of a 1 Khz modulat ion - the f r o n t edge of which 
i s s y n c h r o n i s e d to Coord inated U n i v e r s a l Time (UTC) . The 
o v e n - c o n t r o l l e d c r y s t a l - b a s e d c l o c k i s i n i t i a l i s e d on t h i s t i c k to 
an a b s o l u t e a c c u r a c y of about +_0.5 ms (depending upon the q u a l i t y 
of the r e c e i v e d s i g n a l at the t i m e ) , but from t h i s moment on d r i f t s 
s l o w l y out of phase with UTC at a r a t e p r o p o r t i o n a l to the e r r o r in 
i t s own v i b r a t i o n a l f r e q u e n c y . 
At any t ime the amount by which the c l o c k i s i n e r r o r can be 
measured u s i n g an o s c i l l o s c o p e which i s s e t to t r i g g e r on the f ron t 
edge of the c l o c k p u l s e (prov ided once per second) and d i s p l a y the 
incoming WWv* p u l s e . T h i s c a l i b r a t i o n was performed at r e g u l a r 
i n t e r v a l s and i t was found t h a t the c r y s t a l c l o c k ran at a h i g h l y 
s t a b l e (though i n c o r r e c t ) r a t e . T h i s i s demonstrated in F i g u r e 3 .5 
which shows the c l o c k d r i f t from UTC over the pe r iod in November 
1982 when a p o s i t i v e p e r i o d i c s i g n a l was observed from the Crab 
p u l s a r (see Chapter 6 ) . The d r i f t of the c l o c k from UTC dur ing 
t h i s i n t e r v a l was +15.94 + .02 ms per day ( i e the c l o c k ran f a s t ) 
r e q u i r i n g a c o r r e c t i o n to be made to the subsequent event t imes 
which changed by about 50X of a Crab p u l s a r c y c l e each day. 
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F i g u r e 3 . 5 
The t iming e r r o r of the c l o c k u n i t over 
the i n t e r v a l Nov 12 to Nov 22 1982 
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3.7 The Genera l performance of the Equipment 
3 .7a S t e e r i n g Accuracy 
The a c c u r a c y with which a t e l e s c o p e was ab le to be s t e e r e d to a 
s p e c i f i e d t a r g e t was checked by performing a r a s t e r scan about a 
b r i g h t s t a r such as P o l a r i s and r e c o r d i n g the l e v e l of anode 
c u r r e n t induced in the phototubes with the ABC system swi tched o f f . 
I t was r o u t i n e l y found t h a t the anode c u r r e n t s maximised w i t h i n 
about + 0 . 2 ° of the p o s i t i o n d e s i r e d - i n d i c a t i n g the presence of 
the s t a r c l o s e to the c e n t r e of the f i e l d of v iew. 
S t e e r i n g e r r o r s d id occur o c c a s i o n a l l y and were u s u a l l y caused 
by a f a u l t i n a s e n s o r c a b l e - perhaps due to a s o l d e r j o i n t 
c r a c k i n g i n very c o l d weather . In t h i s r e s p e c t the monitors were 
found to be i n v a l u a b l e as a means of i d e n t i f y i n g s t e e r i n g e r r o r s 
q u i c k l y , t h e r e f o r e e n a b l i n g the f a u l t to be promptly c o r r e c t e d with 
minimal l o s s of o b s e r v i n g t ime . 
3.7b Count ing Rate 
As e x p e c t e d , the a r r a y count ing r a t e was found to be s t r o n g l y 
z e n i t h ang le dependent. In a d d i t i o n , i t was found to vary 
s i g n i f i c a n t l y from t e l e s c o p e to t e l e s c o p e . Examinat ion of the 
count r a t e s observed dur ing the Cygnus X-3 d r i f t s c a n s in 1981 
r e v e a l s the f o l l o w i n g i n f o r m a t i o n : 
Average o v e r a l l count r a t e = 20 .5 m i n - 1 
Average r a t e at the z e n i t h = 29 .3 m i n - 1 
Average r a t e at 6 = 35° = 17.9 rain-1 
O v e r a l l average v a l u e of n = 2.47 
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where ' n ' i s the exponent in the equat ion : 
C = A . c o s " (fl) 
which approx imate ly r e l a t e s the count r a t e , C , to the z e n i t h angle 
0 (n being deduced from a s imp le f i t t o - t h e count r a t e at the two 
z e n i t h a n g l e s q u o t e d ) . A good example of the C/0 r e l a t i o n i s the 
n ight of the 31st August 1981, on which 10 s c a n s of Cygnus X-3 
were made under a good c l e a r s k y , with a l l the t e l e s c o p e s 
f u n c t i o n i n g c o r r e c t l y . The average count r a t e recorded by the a r r a y 
dur ing each scan i s p l o t t e d a g a i n s t z e n i t h angle in F i g u r e 3 . 6 . 
The h i g h e s t count ing ins t rument in 1981 was t e l e s c o p e 3 which 
counted at a r a t e of about 16.9 rain-1 at the z e n i t h , and about 11.3 
m i n - 1 at $ = 35° , hav ing an ' n - v a l u e ' of about 2 . 0 2 . In 
c o n t r a s t , t e l e s c o p e 4 counted at a- r a t e of only 7 .8 and 2 .3 min~' 
at 8 = 0 ° and 8 = 35° r e s p e c t i v e l y , and had an ' n - v a l u e ' of 
about T h i s r e l a t i o n s h i p between the s t e e p n e s s of the count 
r a t e f a l l - o f f wi th z e n i t h angle and the apparent energy t h r e s h o l d 
i s e q u a l l y e v i d e n t when the count ing r a t e for showers t r i g g e r i n g 
d i f f e r e n t numbers of t e l e s c o p e s i s examined. Shown in F i g u r e 3.7 
i s the average count r a t e dur ing each scan on the n ight of August 
31 1981 for the independent groups of even ts t r i g g e r i n g I - f o l d , 
I I - f o l d , I l l - f o l d and I V - f o l d t e l e s c o p e r e s p o n s e s from the a r r a y . 
Of i n t e r e s t i s the very r a p i d f a l l o f f with z e n i t h angle of the I I , 
I I I and I V - f o l d response r a t e with the subsequent consequences for 
the a r r a y t im ing a n a l y s i s . 
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F i g u r e 3 .6 
The number of c o u n t s r e c o r d e d by the a r r a y ( i n 36 
minute s c a n s of Cygnus X-3) as a f u n c t i o n of 
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1000 
o 6 0 0 
§ 4 0 0 
0 10 20 30 40 50 60 
ZENITH ANGLE (DEG) 
F i g u r e 3 .7 
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The c o n t r a s t between the count ing r a t e s of the i n d i v i d u a l 
t e l e s c o p e s was to a l a r g e ex tent unexpected . C a r e f u l examinat ion 
r e v e a l e d t h a t the probable cause was a combinat ion of the 
d i f f e r e n c e s i n s u r f a c e q u a l i t y and o p t i c a l a l ignment of the mir ror 
s y s t e m s . 
In e a r l y 1982 the o p t i c s of each t e l e s c o p e was c a r e f u l l y 
r e a d j u s t e d to g i v e the h i g h e s t p o s s i b l e c o i n c i d e n c e r a t e . As a 
r e s u l t , a l though t e l e s c o p e s 1, 3 and 4 showed only a s l i g h t 
improvement, the count r a t e of t e l e s c o p e 2 i n c r e a s e d to roughly 
equal t h a t of t e l e s c o p e 3. T h i s not only improved the o v e r a l l 
count r a t e of the a r r a y but a l s o meant tha t I I and I l l - f o l d 
r e s p o n s e s were more numerous at the h igher v a l u e s of z e n i t h angle 
than had been the c a s e in 1981. 
The a c c i d e n t a l count ing r a t e was c a r e f u l l y monitored and found 
to be v i r t u a l l y zero ( l e s s than 1 count per n i g h t ) at a l l t i m e s . 
3 . 7 c The Aper tu re F u n c t i o n 
As was d i s c u s s e d i n S e c t i o n 3 . 3 , the mir ror o p t i c s were designed 
to g i v e a f i e l d of view of about 1.7 d e g r e e s , as def ined by the 
FWHM. The t e c h n i q u e used for de termin ing the p o i n t i n g accuracy of 
a t e l e s c o p e ( d e s c r i b e d in S e c t i o n 3 .7a ) was a l s o found to be u s e f u l 
in c h e c k i n g t h a t t h i s v a l u e had been a c h i e v e d . I f we take the 
anode c u r r e n t as being a r e a s o n a b l e i n d i c a t o r of the p o s i t i o n of 
the s t a r r e l a t i v e to the o p t i c a x i s of the t e l e s c o p e we can 
e f f e c t i v e l y map out the two d imens iona l po int source aper tu re 
f u n c t i o n of each m i r r o r . T h i s was done for each mirror of each 
t e l e s c o p e i n tu rn and c r o s s s e c t i o n s taken through the point of 
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maximum v a l u e indeed i n d i c a t e d the FWHH to be about 1 . 7 ° . Example 
r a s t e r s c a n s fo r the t h r e e m i r r o r s of t e l e s c o p e 1 are shown in 
F i g u r e 3 . 8 . 
The method o u t l i n e d above s u f f e r s one major drawback in that i t ' 
assumes t h a t the p h y s i c a l a p e r t u r e f u n c t i o n of the m i r r o r s i s the 
same as the a c c e p t a n c e f u n c t i o n of the system to r e a l a i r showers . 
In f a c t , due to the > 1° beam width of a t y p i c a l shower the FWHM of 
the a c c e p t a n c e f u n c t i o n i s l i k e l y to be g r e a t e r than 1 . 7 ° . 
E v i d e n c e fo r t h i s h y p o t h e s i s was forthcoming from computer 
s i m u l a t i o n s of the r e s p o n s e of the Dugway a r r a y to s imula ted a i r 
showers (Macrae , p r i v a t e communica t ion ) , which i n d i c a t e d a FWHM for 
1000 GeV showers in the reg ion of 2 . 0 ° - 2 . 4 ° . 
3.7d Genera l Problems 
Opera t ing the Dugway a r r a y over long hours and in the extreme 
c o n d i t i o n s of Utah was bound to lead to a v a r i e t y of problems -
some a n t i c i p a t e d , o t h e r s comple te ly unexpected . 
Most of the problems encountered were of a r e l a t i v e l y t r i v i a l 
na ture and o f t e n s imply n e c e s s i t a t e d r e p l a c i n g a blown t r a n s i s t o r 
or f u s e . A more s e r i o u s problem was caused by the repeated damage 
done to underground c a b l e s by r o d e n t s - a problem only e l i m i n a t e d 
by running a l l such c a b l e s through metal t u b i n g . Other problems 
were caused by the extremes of temperature encountered on the s i t e . 
In summer i t was n e c e s s a r y to cool the c o n t r o l room in order to 
ma in ta in the TEK 4051 and the e l e c t r o n i c s at a low enough 
tempera ture to f u n c t i o n . Even s o , at midnight in J u l y and August 
the t r a i l e r temperature cou ld s t i l l be as high as 85° - 90° F . In 
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F i g u r e 3 .8 
Anode c u r r e n t c r o s s s e c t i o n s ob ta ined from r a s t e r 
s c a n s of P o l a r i s for the t h r e e m i r ro r s y s t e m s of 
t e l e s c o p e 1 
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c o n t r a s t , i n l a t e October and November the extreme night ime co ld 
caused i c e to form on the b e a r i n g s which tended to i n h i b i t t h e i r 
smooth r o t a t i o n - t h i s problem was so lved by f i x i n g a p r o t e c t i v e 
cover around the p l i n t h to prevent mois ture c o l l e c t i n g . In 
a d d i t i o n , i c e formed on the mi r ror s u r f a c e s , a f f e c t i n g t h e i r 
r e f l e c t i v e p r o p e r t i e s and reduc ing the count r a t e of the system 
almost to z e r o . T h i s was d i f f i c u l t to overcome and l i m i t e d the 
c o n d i t i o n s under which the a r r a y could be o p e r a t e d . 
Only one 'major d i s a s t e r ' o c c u r r e d dur ing the 1981 and 1982 
s e a s o n s of o b s e r v a t i o n s , when a l i g h t n i n g s t r i k e h i t the r a d i o 
a e r i a l and caused e x t e n s i v e damage to the c e n t r a l e l e c t r o n i c s . As 
a r e s u l t a l l e l e c t r o n i c s u n i t s were subsequent ly d i s c o n n e c t e d from 
both the r a d i o / T V a e r i a l s and th« e x t e r n a l sensor c a b l e s whenever 
the a r r a y was l e f t unmanned. 
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Chapter Four 
O b s e r v a t i o n s and Data P r o c e s s i n g 
4.1 I n t r o d u c t i on 
Work began on the i n s t a l l a t i o n of the Dugway a r r a y in l a t e 
A p r i l 1981 and cont inued through to e a r l y J u l y when the f a c i l i t y 
became f u l l y o p e r a t i o n a l . Between l a t e J u l y and e a r l y November 
1981, and mid J u l y and l a t e November 1982, an i n t e n s i v e programme 
of o b s e r v a t i o n s was c a r r i e d o u t , with over 525 hours of data being 
recorded from a t o t a l of 9 c e l e s t i a l o b j e c t s . 
The two p r i n c i p a l s o u r c e s of i n t e r e s t (which w i l l be repor ted on 
in t h i s work) were the Crab P u l s a r (PSR 0531+21) , and the h i g h l y 
v a r i a b l e X-Ray s o u r c e Cygnus X - 3 , both of which were f e l t to be 
r e a s o n a b l e VHE gamma ray c a n d i d a t e s . T a b l e s 4 .1a and 4.1b g ive the 
number of hours of data taken in each of the o b s e r v a t i o n a l windows 
a v a i l a b l e , in 1981 and 1982 r e s p e c t i v e l y , for each of the two 
o b j e c t s . 
4 .2 D e t a i l s of O b s e r v a t i o n s 
4 . 2 a Cygnus X-3 
D r i f t Scan Mode : Between l a t e J u l y and e a r l y November 1981 a t o t a l 
of 142 i n d i v i d u a l 36 minute d r i f t s c a n s of Cygnus X-3 were made, 
a l l wi th the A6C system employed. Of t h e s e , 76 had . been made 
under s t a b l e enough sky c o n d i t i o n s (see S e c t i o n 4 . 3 ) as to a l low a 
s e a r c h for an e x c e s s of ' O N - s o u r c e ' counts (see S e c t i o n 5.2) to be 
made. Two d i s t i n c t phases of o b s e r v a t i o n s e x i s t e d : 
(1) From the s t a r t of o b s e r v a t i o n s on J u l y 30 1981 u n t i l 
September 3 , 48 a c c e p t a b l e s c a n s were made, c e n t r e d on phases 
0 . 0 , 0 . 1 2 5 , 0 . 2 5 , 0 . 3 7 5 , 0 . 5 , 0 . 6 2 5 , 0 .75 and 0.875 of the 4 .8 
hour c y c l e , as de f ined us ing the ephemeris of Van der K l i s and 
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S o u r c e J u l y / A u g A u g / S e p t S e p t / O c t O c t / N o v 
Cyg X-3 16.2 4 6 . 2 19.2 3.6 
(OS n o d e ) 
Cyg X-3 - 2 2.5 23 
<TR mode) 
PSR 0 5 3 1 + 2 1 - - 6.3 2 7 . 5 
(TR mode) 
T a b l e 4.1a 
The n u m b e r o f h o u r s s p e n t on PSR0531 a n d C y g n u s X-3 i n 1 9 8 1 
S o u r c e J u n e J u l y Aug S e p t O c t Nov 
Cyg X-3 4 - - 5 -
(DS mode) 
Cyg X-3 - 22 32 45 28 14 
(TR n o d e ) 
PSR 0 5 3 1 + 2 1 - - 7 16 45 70 
(TR n o d e ) 
T a b l e 4.1b 
The n u m b e r o f h o u r s s p e n t on PSR0531 a n d C y g n u s X-3 i n 1982 
B o n n e t - B i d a u t ( V a n d e r K l i s e t a l . , 1 9 8 1 ) 
( 2 ) F r o m S e p t e m b e r 25 u n t i l O c t o b e r 3 a f u r t h e r 28 a c c e p t a b l e 
s c a n s w e r e made, c e n t r e d on p h a s e s 0 . 0 3 , 0 . 1 5 5 , 0 . 2 8 , 0 . 4 0 5 , 0 . 5 3 , 
0 . 6 5 5 , 0.78 a n d 0.905 o f t h e 4.8 h o u r c y c l e . T h i s p h a s e s l i p p a g e 
o f 0 . 0 3 , c o r r e s p o n d i n g t o t h e 10 m i n u t e / Q N - t i m e ' , was made i n 
o r d e r t o w i d e n t h e c o v e r a g e o f t h e 4.8 h o u r c y c l e . 
The n u m b e r o f s c a n s made a t e a c h o f t h e 16 o b s e r v e d p h a s e s i s 
g i v e n i n T a b l e 4 . 2, a l o n g w i t h t h e number o f e v e n t s r e c o r d e d i n 
t h e 30 m i n u t e s o f e a c h s c a n u s e d i n t h e a n a l y s i s . 
T r a c k i n g Mode : O b s e r v a t i o n s o f C y g n u s X-3 i n t h e t r a c k i n g mode 
w e r e made b e t w e e n S e p t e m b e r 30 a n d November 2, 1 9 8 1 , d u r i n g w h i c h 
t i m e 27 h o u r s o f d a t a w e r e t a k e n . U n f o r t u n a t e l y , t h i s d a t a was 
f o u n d t o be o f o n l y l i m i t e d v a l u e s i n c e t h e c o v e r a g e o f t h e o b j e c t 
a t a r o u n d p h a s e 0.625 h a d b e e n m i n i m a l . I n a d d i t i o n , t h e AGC 
s y s t e m h a d n o t b e e n e m p l o y e d t h u s r e n d e r i n g u n r e l i a b l e a c o u n t r a t e 
a n a l y s i s o f t h e d a t a . 
I n 1 9 8 2 a t o t a l o f 1 4 1 h o u r s o f d a t a w e r e t a k e n f r o m C y g n u s X-3 
w i t h t h e t e l e s c o p e s , o p e r a t i n g i n t h e t r a c k i n g mode, r e s t e e r i n g 
o n t o t h e o b j e c t e v e r y m i n u t e . S i n c e t h e AGC s y s t e m was e m p l o y e d 
t h r o u g h o u t t h e o b s e r v a t i o n s an a n a l y s i s o f t h e o b s e r v e d c o u n t r a t e s 
c o u l d be made i n t h e s e a r c h f o r t r a n s i e n t e f f e c t s a t p h a s e 0 . 6 2 5 . 
As i s d i s c u s s e d i n S e c t i o n 5 . 2 b , t h i s d a t a was a n a l y s e d by 
s p l i t t i n g i t up i n t o 36 m i n u t e s e g m e n t s c e n t r e d on p h a s e s 0.0, 
0 . 1 2 5 , 0.25 e t c . o f t h e 4.8 h o u r c y c l e , and e x a m i n i n g t h e s e 
s e g m e n t s a s i f t h e y w e r e d r i f t s c a n d a t a . A t o t a l o f 106 
a c c e p t a b l e ' p s e u d o d r i f t s c a n s ' w e r e o b t a i n e d t o t a l l i n g some 64 
h o u r s o f d a t a . The r e a s o n f o r t h e l a r g e f r a c t i o n o f d a t a n o t 
i 
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P h a s e N o . s c a n s N o . e v e n t s 
0.0 5 2 6 7 0 
0.03 5 3 3 7 7 
0.125 5 3 4 7 4 
0.155 3 1940 
0.25 6 4 3 0 5 
0.28 4 2 1 6 3 
0.375 7 4 7 6 9 
0.405 4 1690 
0.5 5 3 4 5 7 
0.53 2 615 
0.625 7 37 1 4 
0.655 4 1347 
0.75 7 3 6 8 4 
0.78 4 1690 
0.875 3 6 3 6 
0.905 2 1390 
T a b l e 4.2 
C y g n u s X-3 d r i f t s c a n d a t a 1 9 8 1 : The number o f a c c e p t a b l e 
s c a n s a n d e v e n t s a t e a c h 4.8 h o u r p h a s e 
a n a l y s e d was t h a t t h e o b s e r v a t i o n s made i n S e p t e m b e r 1 9 8 2 , 
t o t a l l i n g some 45 h o u r s , c o n s i s t e d m o s t l y o f n i g h t s o f v a r i a b l e 
w e a t h e r w h i c h w e r e n o t f o u n d t o be a c c e p t a b l e f o r t h i s a n a l y s i s . 
T a b l e 4.3 g i v e s t h e n u m b e r o f ' p s e u d o d r i f t s c a n s ' o b t a i n e d f r o m 
t h e o b j e c t u n d e r a c c e p t a b l e c o n d i t i o n s a t e a c h o f t h e 8 p h a s e s 0.0, 
0 . 1 2 5 , 0 . 2 5 , 0.375 e t c . o f t h e 4.8 h o u r c y c l e . 
4.2b The C r a b P u l s a r 
I n 1 9 8 1 o b s e r v a t i o n s o f t h e C r a b P u l s a r w e r e made i n t h e 
t r a c k i n g mode on 13 n i g h t s b e t w e e n S e p t e m b e r 25 and November 2. I n 
t o t a l , a l m o s t 34 h o u r s o f d a t a w e r e t a k e n , d u r i n g w h i c h t i m e 2 0 0 3 2 
e v e n t s w e r e r e c o r d e d . T y p i c a l l y , t h e d a t a w e r e t a k e n f o r a b o u t 
2-3 h o u r s e a c h n i g h t , w i t h t h e o b j e c t r i s i n g f r o m a z e n i t h a n g l e 
o f a b o u t 4 0 ° . The A6C s y s t e m was n o t e m p l o y e d f o r t h e 
o b s e r v a t i o n s . 
The o b s e r v a t i o n s i n 1982 w e r e much m o r e e x t e n s i v e , as c a n be 
s e e n i n T a b l e 4.1b. M o r e t h a n 137 h o u r s o f d a t a w e r e t a k e n on 37 
n i g h t s b e t w e e n A u g u s t 18 a n d N o v e m b e r 23 p r o d u c i n g a t o t a l o f 
1 4 0 4 3 5 e v e n t s . Once a g a i n t h e o b s e r v a t i o n s w e r e made w i t h t h e 
s y s t e m o p e r a t i n g i n t h e t r a c k i n g mode a n d , as i n 1 9 8 1 , t h e A6C 
s y s t e m was n o t e m p l o y e d . U n f o r t u n a t e l y , i n t h e s u b s e q u e n t r e v i e w 
o f t h e d a t a i t was r e a l i s e d t h a t d u r i n g t h e o b s e r v a t i o n s made i n 
O c t o b e r 1 9 8 2 t h e s y s t e m h a d n o t b e e n c o r r e c t l y t r a c k i n g t h e o b j e c t . 
An e r r o r o f o n e d a y i n t h e a s s u m e d J u l i a n d a t e had l e d t o t h e 
s y s t e m t r a c k i n g t h e w r o n g p o i n t i n t h e s k y . S i n c e t h i s r e s u l t e d i n 
t h e o b j e c t b e i n g p e r h a p s a d e g r e e f r o m t h e c e n t r e o f t h e f i e l d o f 
v i e w i t was f e l t p r e f e r a b l e t o r e j e c t t h i s d a t a r a t h e r t h a n 
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P h a s e N o . ' s c a n s ' N o . e v e n t s 
0.0 13 8 4 8 1 
0.125 15 10277 
0.25 11 6 9 2 3 
0.375 4 2 1 1 0 
0.5 8 4 7 7 8 
0.625 19 1 5 8 1 0 
0.75 18 1 6 4 4 8 
0.875 18 1 3 6 9 3 
T a b l e 4.3 
C y g n u s X-3 T r a c k i n g D a t a 1982 : The number o f a c c e p t a b l e 
' s c a n s ' a n d e v e n t s a t e a c h 4.8 h o u r p h a s e 
p r e j u d i c e a n y r e s u l t s w h i c h may a r i s e f r o m t h e r e m a i n d e r , 
4.2c O t h e r O b j e c t s 
As was m e n t i o n e d i n S e c t i o n 4.1 e x t e n s i v e o b s e r v a t i o n s , 
t o t a l l i n g o v e r 92 h o u r s , w e r e made on 7 o t h e r o b j e c t s d u r i n g t h e 
198 1 - 1 9 8 2 o p e r a t i n g s e a s o n s . Shown i n T a b l e 4.4 i s t h e a m o u n t o f 
t i m e s p e n t o n e a c h o f t h e s e o b j e c t s d u r i n g t h e a b o v e p e r i o d ; i t i s 
c l e a r t h a t n o n e r e c e i v e d t h e same h i g h p r i o r i t y g i v e n t o t h e C r a b 
P u l s a r o r C y g n u s X-3. As a r e s u l t f u r t h e r o b s e r v a t i o n s o f t h e s e 
and o t h e r o b j e c t s w e r e u n d e r t a k e n i n 1983 and 1 9 8 4 . P e n d i n g a f u l l 
a n a l y s i s t h e r e s u l t s f r o m t h e s e o b j e c t s w i l l be r e p o r t e d s e p a r a t e l y 
( N a l m s l e y , Ph.D. t h e s i s , i n p r e p a r a t i o n , and D o w t h w a i t e , Ph.D. 
t h e s i s , i n p r e p a r a t i o n ) . 
4.3 The S u i t a b i l i t y o f D a t a f o r A n a l y s i s 
When a s a m p l e o f d a t a i s i n i t i a l l y e x a m i n e d a d e c i s i o n i s 
n e c e s s a r y a s t o w h e t h e r o r n o t i t i s s u i t a b l e f o r a n a l y s i s . S i n c e 
a v a r i e t y o f r e a s o n s e x i s t f o r r e j e c t i n g d a t a l e t u s d i s c u s s e a c h 
i n t u r n : 
V a r i a b l e s k y c o n d i t i o n s : When o b s e r v a t i o n s a r e made i n t h e d r i f t 
s c a n mode i t i s i m p o r t a n t t h a t t h e c o s m i c r a y i n d u c e d b a c k g r o u n d 
c o u n t r a t e i s c o n s t a n t d u r i n g a s c a n . F o r t h i s r e a s o n c l e a r and 
s t a b l e s k y c o n d i t i o n s a r e r e q u i r e d , s i n c e t h e p a s s a g e o f a c l o u d 
t h r o u g h t h e f i e l d o f v i e w o f a t e l e s c o p e s i g n i f i c a n t l y a f f e c t s i t s 
c o u n t r a t e . The o b s e r v e r i s t h e r e f o r e r e q u i r e d t o keep a v e r y 
d e t a i l e d r e c o r d o f b o t h t h e s k y c l a r i t y a nd t h e c l o u d c o n t e n t , and 
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O b j e c t N o . h o u r s 
PSR 0 3 5 5 + 5 4 24 
PSR 0 6 5 5 + 6 4 3 
PSR 1 9 1 3 + 1 6 16 
PSR 1 9 2 9 + 1 0 8 
PSR 2 2 2 3 + 6 5 19 
2CG 135 19 
2CG 195 4 
T a b l e 4.4 
T h e n u m b e r o f h o u r s o f d a t a t a k e n on o t h e r o b j e c t s 
o b s e r v e d i n 1 9 8 1 a n d 1982 
t o s t a t e a t t h e t i m e o f t h e o b s e r v a t i o n w h e t h e r o r n o t t h e d a t a i s 
s u i t a b l e f o r a c o u n t r a t e a n a l y s i s . 
AGC p r o b l e m s : I f t h e a n o d e g a i n c o n t r o l ( A G O u n i t o f a t e l e s c o p e 
was n o t f u n c t i o n i n g c o r r e c t l y d u r i n g an o b - s e r v a t i o n t h e r e c a n be no 
g u a r a n t e e t h a t t h e e n e r g y t h r e s h o l d ( a n d t h e r e f o r e t h e b a c k g r o u n d 
c o u n t r a t e ) o f t h e t e l e s c o p e was c o n s t a n t . U n d e r t h e s e 
c i r c u m s t a n c e s ( w h i c h w o u l d be n o t e d i n t h e o b s e r v a t i o n l o g ) t h e 
d a t a f r o m t h e t e l e s c o p e w o u l d n o t be a c c e p t a b l e f o r a c o u n t r a t e 
a n a l y s i s . 
P o i n t i n g d i r e c t i o n : The a p p r o x i m a t e p o i n t i n g d i r e c t i o n o f e a c h 
t e l e s c o p e i s c o n t i n u o u s l y m o n i t o r e d t h r o u g h o u t an o b s e r v a t i o n 
t h r o u g h t h e u s e o f t h e s e n s i t i v e t e l e v i s i o n c a m e r a s d i s c u s s e d i n 
S e c t i o n 3.3. I n a d d i t i o n , t h e h o u s e k e e p i n g r e c o r d s ( w h i c h w i l l be 
d i s c u s s e d i n S e c t i o n 4.4b) p r o v i d e an a c c u r a t e m e a s u r e o f t h e 
s t e e r i n g e r r o r o f e a c h t e l e s c o p e o n c e p e r m i n u t e . D a t a t a k e n 
d u r i n g a p e r i o d when t h e s y s t e m was n o t s t e e r i n g c o r r e c t l y w o u l d 
o b v i o u s l y n o t be a c c e p t a b l e f o r a n a l y s i s . 
4.4 The D a t a b a s e 
4.4a T r e a t m e n t o f t h e D a t a p r i o r t o A n a l y s i s 
The d a t a r e c o r d e d by t h e a r r a y i s s t o r e d on m a g n e t i c t a p e i n a 
d e n s e l y p a c k e d f o r m a t t h e r e b y m i n i m i z i n g t h e n umber o f t a p e s 
n e c e s s a r y . T h e s e r a w t a p e s i n t h e m s e l v e s c a n n o t be u s e d as t h e 
p r i m e d a t a b a s e a t D urham s i n c e t h e y a r e n o t c o m p a t i b l e w i t h t h e 
e x i s t i n g m a i n f r a m e c o m p u t e r s y s t e m . I n a d d i t i o n , i t w o u l d be u n w i s e 
t o r e g u l a r l y a c c e s s s u c h ' m a s t e r ' t a p e s s i n c e t h e r i s k o f 
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c o n t a m i n a t i n g t h e m w o u l d be h i g h w i t h c o n s t a n t u s e . F o r t h e s e 
r e a s o n s t h e m a s t e r t a p e s a r e s t o r e d as ' p r i m a r y b a c k - u p ' t a p e s and 
an i n d e p e n d e n t m a i n f r a m e d a t a b a s e i s c r e a t e d w h i c h c a n be 
i m m e d i a t e l y a c c e s s e d a n d w h i c h w o u l d be e a s i l y r e c o v e r a b l e i n t h e 
e v e n t o f a c c i d e n t a l e r a s u r e . S e v e r a l s t a g e s e x i s t i n t h e 
p r o d u c t i o n o f t h i s d a t a b a s e : 
( 1 ) Raw Dugway T a p e s ; T h e r e u s u a l l y e x i s t s one 1 6 0 0 ' t a p e p e r 
o b s e r v i n g t r i p c o n t a i n i n g d a t a s t o r e d i n a d e n s e l y p a c k e d b i n a r y 
f o r m a t . E a c h f i l e on t h e t a p e c o r r e s p o n d s t o a s i n g l e n i g h t ' s 
o b s e r v a t i o n a n d may t h e r e f o r e h o l d d a t a t a k e n on s e v e r a l o b j e c t s . 
<2) S t a r l i n k C o m p a t i b l e Raw T a p e s : The r a w Dugway t a p e i s m o u n t e d 
as a f o r e i g n t a p e on t h e VAX 1 1 / 7 5 0 c o m p u t e r o f t h e ' S t a r l i n k ' 
s y s t e m , a n d i s c o p i e d t o a s e c o n d t a p e w i t h a f i l e f o r m a t 
c o m p a t i b l e t o t h e m a c h i n e . 
( 3 ) U n p a c k e d T a p e s : The S t a r l i n k c o m p a t i b l e r a w t a p e i s m o u n t e d , 
r e a d , c o n v e r t e d t o 'ASCI' f o r m a t a n d c o p i e d t o an ' u n p a c k e d ' t a p e 
w h i c h c o n t a i n s t h e d a t a i n a s t a n d a r d e x p a n d e d f o r m a t w h i c h i s more 
e a s i l y r e a d a n d u n d e r s t o o d . A t t h i s s t a g e a f i l e on t h e t a p e s t i l l 
c o n t a i n s a l l t h e d a t a r e c o r d e d on a p a r t i c u l a r n i g h t . 
( 4 ) S o u r c e T a p e s ! A n i g h t ' s d a t a i n u n p a c k e d f o r m a t i s e d i t e d 
i n t o ' s o u r c e ' f i l e s . The s o u r c e f i l e , c o n t a i n i n g one n i g h t ' s d a t a 
on o n e o b j e c t , i s t h e n c o p i e d o n t o t h e r e l e v a n t s o u r c e t a p e w h i c h 
h o l d s a l l t h e d a t a on t h e o b j e c t i n q u e s t i o n . 
A t o t a l o f 9 s o u r c e t a p e s w e r e c r e a t e d f o r t h e 1981 and 1982 
s e a s o n s o f o b s e r v a t i o n - one t a p e f o r e a c h o b j e c t o b s e r v e d . Each 
t a p e h o l d s a l l t h e d a t a a v a i l a b l e on a p a r t i c u l a r o b j e c t a n d , as a 
r e s u l t , i s t h e o n l y t a p e w h i c h n e e d s t o be r e g u l a r l y a c c e s s e d . 
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4.4b The D a t a F o r m a t 
The v a r i o u s t y p e s o f d a t a s t o r e d i n a s o u r c e f i l e t a k e t h e f o r m 
o f ' d a t a r e c o r d s ' w h i c h h a v e v a r y i n g l e n g t h s and f o r m a t s d e p e n d i n g 
u p o n t h e t y p e o f i n f o r m a t i o n c o n t a i n e d . T h e s e r e c o r d s a r e : 
S t a r t o f n i g h t r e c o r d . P r e c e d e s a l l o t h e r d a t a i n a f i l e and 
s p e c i f i e s t h e d a t e o f t h e o b s e r v a t i o n ( i n l o c a l t i m e ) , t h e m o u n t a i n 
s t a n d a r d t i m e (MST) a n d c o r r e p o n d i n g c l o c k m i c r o s e c o n d t i m e o f t h e 
r e c o r d , t h e i n i t i a l s o f t h e o b s e r v e r , t h e o b s e r v i n g t e c h n i q u e and 
AGC l e v e l a d o p t e d f o r t h e f i r s t o b j e c t , a n d a summary o f t h e 
e x i s t i n g a n d e x p e c t e d w e a t h e r c o n d i t i o n s f o r t h e n i g h t . 
C h a n ge o f s o u r c e r e c o r d . T h i s r e c o r d i s w r i t t e n t o t a p e w h e n e v e r 
o b s e r v a t i o n s a r e a b o u t t o b e g i n on a new s o u r c e . G i v e n i s t h e 
s o u r c e name, t h e s o u r c e r i g h t a s c e n s i o n and d e c l i n a t i o n , t h e 
m i c r o s e c o n d t i m e o f t h e s t a r t o f o b s e r v a t i o n s , a n d t h e o b s e r v i n g 
t e c h n i q u e a n d AGC l e v e l a d o p t e d on t h e s o u r c e . 
D r i v e r e c o r d . T h i s i s r e c o r d e d w h e n e v e r t h e t e l e s c o p e s a r e g i v e n a 
command t o c h a n g e t h e i r p o i n t i n g d i r e c t i o n . The i n f o r m a t i o n g i v e n 
i s t h e m i c r o s e c o n d t i m e o f t h e d r i v e command and t h e z e n i t h and 
a z i m u t h a l a n g l e s t o be a d o p t e d by t h e t e l e s c o p e s . 
E v e n t r e c o r d . T h i s c o n t a i n s t h e i n f o r m a t i o n w h i c h i s r e c o r d e d when 
an a i r s h o w e r t r i g g e r s o n e o r m o r e o f t h e t e l e s c o p e s . The d a t a 
r e c o r d e d a r e t h e m i c r o s e c o n d t i m e o f t h e e v e n t , t h e number o f 
t e l e s c o p e s p a r t i c i p a t i n g i n t h e e v e n t , t h e TAC v a l u e and 3 QT 
v a l u e s ( f o r t h e l e f t , c e n t r e a n d r i g h t p h o t o t u b e s r e s p e c t i v e l y ) f o r 
e a c h o f t h e t e l e s c o p e s a n d t h e a n o d e c u r r e n t i n e a c h o f t h e 
p h o t o m u l t i p l i e r t u b e s ( i n o r d e r 1 L , 1C, 1R, 2 L , 2C e t c ) . A f u r t h e r 
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s p e c i f i c a t i o n i s made as t o w h e t h e r o r n o t t h e t e l e s c o p e s w e r e 
b e i n g s t e e r e d when t h e e v e n t was r e c o r d e d . 
M e s s a g e r e c o r d . C o n t a i n s any m e s s a g e e n t e r e d by t h e o b s e r v e r a t 
any p o i n t i n t h e n i g h t . 
H o u s e k e e p i n g r e c o r d . T h i s i s w r i t t e n t o t a p e o n c e e v e r y m i n u t e and 
c o n t a i n s u s e f u l i n f o r m a t i o n a b o u t t h e s t a t e o f t h e s y s t e m . 
I n c l u d e d a r e t h e m i c r o s e c o n d t i m e o f t h e r e c o r d , t h e s i n g l e f o l d 
r a t e s , a n o d e c u r r e n t s , t e m p e r a t u r e s a n d a t m o s p h e r i c p r e s s u r e s o f , 
o r a t , e a c h o f t h e p h o t o t u b e s , a n d t h e i n s t a n t a n e o u s s t e e r i n g e r r o r 
o f e a c h t e l e s c o p e (how a c c u r a t e l y e a c h t e l e s c o p e was p o i n t i n g t o 
t h e r e q u i r e d p o i n t i n t h e s k y a t t h e t i m e o f t h e r e c o r d ) . 
4.4c S t r u c t u r e o f t h e D a t a b a s e 
I n a d d i t i o n t o t h e s o u r c e t a p e s ( w h i c h f o r m t h e p r i m a r y d a t a b a s e 
a n d h o l d a b o u t 200 K b y t e s o f d a t a ) a c e r t a i n a m o u n t o f d a t a c a n be 
s t o r e d on t h e d i s k memory o f t h e VAX 1 1 / 7 5 0 c o m p u t e r . Two t y p e s o f 
d i s k s t o r a g e a r e a v a i l a b l e : a p e r m a n e n t s t o r a g e 'COSMOS' d i s k on 
w h i c h t h e g r o u p a l l o c a t i o n i s a b o u t 20 M b y t e s , and a t e m p o r a r y 
s t o r a g e 'SCRATCH' d i s k w h i c h c a n h o l d , f o r p e r i o d s o f up t o a b o u t a 
w e e k , a b o u t 30 M b y t e s o f d a t a . 
I n p r a c t i c e , t h e o n l y i n f o r m a t i o n t h a t i t i s n e c e s s a r y t o k e e p 
on d i s k i s t h a t w h i c h i s p r o d u c e d by t h e b a r y c e n t r i n g r o u t i n e ( s e e 
S e c t i o n 5 . 3 a ) ; n a m e l y , t h e b a r y c e n t r i c a r r i v a l t i m e o f e a c h e v e n t 
and t h e c o m b i n a t i o n o f t e l e s c o p e s w h i c h r e s p o n d e d t o i t . 
A t y p i c a l l i n e f r o m a d a t a f i l e w o u l d be o f t h e f o r m 
' 1 5 2 4 4 5 2 7 0 . 1 2 3 4 5 6 7 8 9 0 1 ' , w h i c h i n d i c a t e s t h a t t h e e v e n t had a 
t r i g g e r c o d e o f 15 ( w h i c h means t h a t a l l t h e t e l e s c o p e s w e r e 
48 
t r i g g e r e d ) , a n d g i v e s t h e B a r y c e n t r e d J u l i a n E p h e m e r i s t i m e o f t h e 
e v e n t t o an a c c u r a c y o f a b o u t 1 / i s . The t r i g g e r c o d e i s e v a l u a t e d 
u s i n g t h e f o l l o w i n g s i m p l e e q u a t i o n : 
t r i g g e r c o d e = 1.T1 + 2.T2 + 4.T3 + 8.T4 
w h e r e T l = 1 i f t e l e s c o p e 1 p a r t i c i p a t e d i n t h e e v e n t 
T l - 0 i f t e l e s c o p e 1 d i d n o t p a r t i c i p a t e i n t h e e v e n t 
e t c 
T h u s , f o r e x a m p l e , a s h o w e r t r i g g e r i n g t e l e s c o p e s 1,2 and 4 o n l y 
w o u l d h a v e a t r i g g e r c o d e o f 1 1 . By l i m i t i n g t h e t y p e o f 
i n f o r m a t i o n s t o r e d i n t h i s way i t i s p o s s i b l e t o m a i n t a i n v i r t u a l l y 
t h e w h o l e o f t h e e s s e n t i a l d a t a i n an i m m e d i a t e l y a c c e s s i b l e f o r m 
on t h e COSMOS d i s k . 
T h e s e s t a n d a r d d a t a f i l . e s c o n t a i n a l l t h e i n f o r m a t i o n n e c e s s a r y 
f o r e i t h e r a c o u n t r a t e o r p e r i o d i c i t y a n a l y s i s o f t h e d a t a ( s e e 
C h a p t e r 5 ) . I f a p a r t i c u l a r s a m p l e o f d a t a n e e d s t o be 
i n v e s t i g a t e d i n more d e t a i l t h e n r e f e r e n c e c a n be made t o t h e d a t a 
s t o r e d on t h e s o u r c e t a p e s , t h e r e l e v a n t p a r t o f w h i c h c a n be 
t e m p o r a r i l y c o p i e d t o t h e SCRATCH d i s k . I n a d d i t i o n t o t h e 
g e n e r a l d a t a b a s e t h e r e a l s o e x i s t s a l a r g e s u i t e o f F o r t r a n - 7 7 
f o r m u l a t e d a n a l y s i s p r o g r a m s w h i c h h a v e b e e n d e v e l o p e d o v e r a 
p e r i o d o f t i m e a n d w h i c h p e r f o r m t h e t y p e s o f d a t a a n a l y s e s 
d i s c u s s e d i n C h a p t e r S. 
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C h a p t e r F i v e 
D a t a A n a l y s i s T e c h n i q u e s 
5.1 I n t r o d u c t i o n 
I n t h i s c h a p t e r i t i s i n t e n d e d t o s u m m a r i s e t h e d a t a a n a l y s i s 
t e c h n i q u e s w h i c h h a v e b e e n u s e d i n t h e c o u r s e o f t h i s w o r k . The 
m a j o r p r o b l e m c o n n e c t e d w i t h g r o u n d b a s e d VHE gamma r a y a s t r o n o m y 
i s t h e h i g h ' n o i s e ' l e v e l c a u s e d b y t h e i s o t r o p i c c o s m i c r a y 
b a c k g r o u n d , a n d t h e m a i n a i m i s o n e o f d i s t i n g u i s h i n g b e t w e e n gamma 
r a y a n d c o s m i c r a y i n d u c e d s h o w e r s . I t i s n o t p o s s i b l e a t p r e s e n t 
t o d i r e c t l y d i s t i n g u i s h b e t w e e n i n d i v i d u a l s h o w e r s o f t h e t w o t y p e s 
u s i n g t h e t y p e o f d e t e c t o r e m p l o y e d i n e i t h e r t h i s o r p a s t 
e x p e r i m e n t s . As a r e s u l t m o s t t e c h n i q u e s t a k e a d v a n t a g e o f e i t h e r 
t h e s p a t i a l o r t e m p o r a l a n i s o t r o p y o f t h e a r r i v i n g gamma r a y 
e v e n t s . 
'i 
5.2 C o u n t R a t e A n a l y s i s o f t h e C y g n u s X-3 D a t a 
5.2a D r i f t S c a n D a t a 
As h a s b e e n d e s c r i b e d i n C h a p t e r 2, a s i n g l e d r i f t s c a n o f a 
c e l e s t i a l o b j e c t c o n s i s t s o f 3 d i s t i n c t s e c t i o n s ; t h e f i r s t and 
l a s t t h i r d s o f t h e s c a n d u r i n g w h i c h t h e o b j e c t i s o u t s i d e o f t h e 
f i e l d o f v i e w o f t h e t e l e s c o p e s ('OFF' p e r i o d s ) , a n d t h e m i d d l e 
t h i r d d u r i n g w h i c h i t t r a n s i t s t h r o u g h t h e f i e l d o f v i e w ('ON' 
p e r i o d ) . S i n c e C y g n u s X-3 h a s a d e c l i n a t i o n a n g l e o f a r o u n d 40° 
and c o n s e q u e n t l y r e q u i r e s a b o u t 10 m i n u t e s t o p a s s t h r o u g h t h e 
f i e l d o f v i e w o f t h e t e l e s c o p e s (FWHM 1.7°) t h e m i n i m u m p o s s i b l e 
d r i f t s c a n d u r a t i o n ( i f t w o OFF p e r i o d s a r e d e s i r e d ) i s 30 m i n u t e s . 
I n t h e 1 9 8 1 s e r i e s o f o b s e r v a t i o n s d r i f t s c a n s w e r e o f 36 m i n u t e s 
d u r a t i o n t h u s e n a b l i n g 8 c o m p l e t e s c a n s t o be made i n e a c h 4.8 h o u r 
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c y c l e . The f i r s t t w o a n d l a s t t w o m i n u t e s o f e a c h s c a n a r e 
i g n o r e d i n t h e a n a l y s i s a s t h e y c o n t a i n s u b s t a n t i a l 'dead t i m e ' due 
t o t h e t e l e s c o p e s b e i n g r e - p o i n t e d r e a d y f o r t h e n e x t s c a n . The 
t w o OFF p e r i o d s a r e t a k e n a s m i n u t e s 3 t o 12 a n d 25 t o 3 4 , w h i l e 
t h e ON p e r i o d i s t a k e n f r o m m i n u t e s 14 t o 2 3 , a o n e m i n u t e gap 
b e i n g l e f t b e t w e e n t h e OFF and ON p e r i o d s . 
I f gamma r a y s a r e r e c e i v e d f r o m an o b j e c t d u r i n g t h e p e r i o d i n 
w h i c h i t i s i n t h e f i e l d o f v i e w t h e n on a v e r a g e an e x c e s s o f 
c o u n t s w o u l d be e x p e c t e d i n t h e ON p e r i o d when c o m p a r e d w i t h t h e 
OFF ( b a c k g r o u n d ) p e r i o d s . I n t h e s i m p l e s t a n a l y s i s , t h e r e f o r e , t h e 
n u m b e r o f c o u n t s i n t h e ON p e r i o d i s s t a t i s t i c a l l y c o m p a r e d w i t h 
t h e e x p e c t e d n u m b e r ( a s d e r i v e d f r o m t h e OFF p e r i o d s ) a n d a 
p r o b a b i l i t y o f gamma r a y d e t e c t i o n a s c r i b e d t o t h e s c a n . T h i s 
s i m p l e b u t e f f e c t i v e t e c h n i q u e ( k n o w n as a ' t o p - h a t ' a n a l y s i s ) t h u s 
a s s u m e s t h a t t h e a p e r t u r e f u n c t i o n o f t h e s y s t e m i s a s q u a r e wave 
o f d u r a t i o n 10 m i n u t e s i n s t e a d o f t h e more c o m p l e x u n i m o d a l 
f u n c t i o n w h i c h w o u l d m o r e c l o s e l y a p p r o x i m a t e t o t h e t r u t h . 
A l t h o u g h t h i s s i m p l e a p p r o a c h h a s b e e n t h e one p r i n c i p a l l y u s e d i n 
t h e r o u t i n e a n a l y s i s o f t h e d a t a a more s e n s i t i v e m e t h o d ( b a s e d on 
t h e c o r r e l a t i o n a n a l y s i s o f t h e COS-B t e a m ) h a s b e e n i n v e s t i g a t e d 
and s hown t o be e f f e c t i v e , a n d may be t h e b e t t e r m e t h o d f o r 
a n a l y s i n g f u t u r e d a t a . The t w o t e c h n i q u e s w i l l now be d i s c u s s e d i n 
more d e t a i l . 
( 1 ) T o p - H a t A n a l y s i s : L e t u s s u p p o s e t h a t 'b' e v e n t s o c c u r i n t h e 
f i r s t OFF p e r i o d , 'a' e v e n t s o c c u r i n t h e s e c o n d OFF p e r i o d and ' d ' 
e v e n t s o c c u r i n t h e ON p e r i o d ( t h e n o t a t i o n u s e d h e r e s t a n d s f o r 
b e f o r e , d u r i n g a n d a f t e r t r a n s i t ) . The number o f gamma r a y s t h a t 
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a p p e a r t o h a v e b e e n r e c e i v e d i n t h e ON p e r i o d , N g , c a n be d e d u c e d 
t o be : 
N g = d - ( b + a ) / 2 5.1 
I t i s now n e c e s s a r y t o a s c r i b e a s t a t i s t i c a l u n c e r t a i n t y t o t h i s 
v a l u e . 
S e v e r a l d i f f e r e n t a p p r o a c h e s h a v e b e e n made t o t h i s p r o b l e m by 
p a s t w o r k e r s a n d no common m e t h o d a p p e a r s t o h a v e b e e n u s e d . We 
t h e r e f o r e d e c i d e d t o a d o p t t h e Maximum L i k e l i h o o d m e t h o d w h i c h 
a p p l i e s , i t s e l f s p e c i f i c a l l y t o t h e s t a t i s t i c a l a n a l y s i s o f d a t a 
s a m p l e s c o n t a i n i n g r e l a t i v e l y s m a l l n u m b e r s o f e v e n t s . 
F o r t h i s t r e a t m e n t o f t h e d a t a ( d u e t o O r f o r d , p r i v a t e 
c o m m u n i c a t i o n ) l e t us make t h e f o l l o w i n g a s s u m p t i o n s : 
( 1 ) N c o u n t s a r e r e c o r d e d d u r i n g t h e ON s o u r c e p e r i o d . 
( 2 ) A t o t a l o f B c o u n t s a r e r e c o r d e d d u r i n g t h e t o t a l OFF 
s o u r c e p e r i o d . 
( 3 ) The r a t i o o f t h e t o t a l OFF s o u r c e t i m e t o t h e ON s o u r c e t i m e 
i s a. 
( 4 ) The t r u e n u m b e r o f s o u r c e c o u n t s i n t h e ON p e r i o d ( w h i c h i s 
u n k n o w n a n d may be z e r o ) i s S. 
( 5 ) The t r u e n u m b e r o f b a c k g r o u n d c o u n t s e x p e c t e d i n t h e 
ON s o u r c e p e r i o d ( w h i c h i s a l s o u n k n o w n ) i s T. 
We now c o n s i d e r t h e p o s s i b i l i t y o f o c c u r a n c e o f t w o m u t u a l l y 
e x c l u s i v e h y p o t h e s e s : 
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( a ) Suppose t h a t S=0, i e t h a t N and B a r e s i m p l y s t a t i s t i c a l 
f l u c t u a t i o n s f r o m T. The p r o b a b i l i t y o f t h i s s i t u a t i o n o c c u r r i n g 
i s g i v e n by s 
U N,B|S=0,T ) = L 0 ( T ) = L< NfT ) . L ( B | T ) 
= e " T . T N . e - - T . ( « T ) B 
N! B! 
, - < l * « > T , T < N ^ B > t ( a ) B 
N! B! 
(b) Suppose t h a t S i s n o t 
s t a t i s t i c a l f l u c t u a t i o n f r o m T. 
o c c u r r i n g i s g i v e n by : 
z e r o , i e t h a t N i s n o t s i m p l y a 
The p r o b a b i l i t y o f t h i s s i t u a t i o n 
U N,BjS,T ) = Ls(S,T> = L ( N|(T+S) ).L ( B | T ) 
= e - < r * s > t ( T f S ) N . e - " T . (aT) 
N! B! 
N! B! 
I f t h e t r u e b a c k g r o u n d r a t e i s n o t known e x a c t l y t h e n t h e two 
h y p o t h e s e s a r e s a i d t o ' c o m p o s i t e ' and no 'most p o w e r f u l ' t e s t 
e x i s t s f o r d e t e r m i n i n g t h e r e l a t i v e l i k e l i h o o d o f one or t h e o t h e r 
b e i n g t r u e . I n t h i s c a s e a r e a s o n a b l e t e s t s t a t i s t i c t o use ( E a d i e 
e t a l . , 1971) i s t h e Maximum L i k e l i h o o d r a t i o : 
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A = Max ( U N,B I 5=0,T ) ) 
Max ( L ( N,B | S,T ) ) 
A = Hax ( L o ( T ) ) 
Max ( L S ( S , T ) ) 
The e x p r e s s i o n M a x ( L o ( T ) ) i s f o u n d by s e t t i n g : 
fi(Lo<T)) = 0 
fi(T) 
W h i l s t t h e e x p r e s s i o n M a x ( L 3 ( S , T ) ) i s f o u n d f r o m : 
fi(U(S,T)) = 0 
fi(S)fi<T) 
I t can be shown t h a t : 
A = (N+B) N.. («<N+B)) B — — 5.2 
( U + « ) N ) N ( U + c i ) B ) B 
f o r d r i f t s c a n s a = 2 and t h e r e f o r e : 
A = ( N + B ) N . ( 2 ( N + B ) ) B 5.3 
( 3 N ) N < 3 B ) B 
w h i c h g i v e s t h e r e l a t i v e l i k e l i h o o d o f N b e i n g a s t a t i s t i c a l 
f l u c t u a t i o n o f T. I n t h e p r o c e s s o f e v a l u a t i n g t h e d e r i v a t i v e o f 
A 
Max ( L S ( S , T ) ) i t i s shown t h a t T, t h e most l i k e l y v a l u e o f T i s 
g i v e n by : 
A 
T = B/« 
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and t h u s t h a t : 
A A 
S = N - T 5.4 
A 
where S i s t h e most l i k e l y v a l u e o f t h e s o u r c e s t r e n g t h . The upper 
and l o w e r l i m i t s on S a r e o b t a i n e d by r e l a x i n g t h e v a l u e of \ t o 
A 
S* and S-, w h i c h i n c l u d e t h e 687. c o n f i d e n c e r e g i o n f o r S. 
( 2 ) C r o s s - C o r r e l a t i o n A n a l y s i s : The method o u t l i n e d below i s t h a t 
d i s c u s s e d and d e v e l o p e d by Hermson (1980) and was used i n a two 
d i m e n s i o n a l f o r m i n t h e s e a r c h f o r p o i n t s o u r c e s i n t h e gamma r a y 
d a t a f r o m t h e COS-B s a t e l l i t e . I n t h e t r e a t m e n t o f d r i f t scan 
d a t a a one d i m e n s i o n a l a p p r o a c h i s t a k e n . 
The d r i f t scan i s f i r s t d i v i d e d i n t o 36 one m i n u t e b i n s i n t o 
w h i c h t h e e v e n t s f a l l . A s e a r c h i s t h e n made f o r a s i g n a l ' e x i s t i n g 
o v e r and above t h e b a c k g r o u n d l e v e l , h a v i n g a shape c o n s i s t e n t 
w i t h t h e P o i n t S p r e a d F u n c t i o n (PSF) o f t h e t e l e s c o p e s . L e t us 
d e n o t e t h e number of e v e n t s i n each b i n j as N J f and t h e PSF as 
F r . j t h e p r e d i c t e d c o n t r i b u t i o n o f a s o u r c e a t b i n r t o b i n j . At 
each b i n r a c o r r e l a t i o n v a l u e Cr i s e v a l u a t e d as f o l l o w s : 
C r = A.S(Nj - N ) . ( F r , j - F) 5.5 
m J 
w i t h A : a n o r m a l i s a t i o n c o n s t a n t 
m : number of b i n s (36 i n t h i s e x a m p le) 
N : t h e a v e r a g e o f Nj 
F : t h e a v e r a g e o f F r > j o v e r t h e m b i n s 
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F o l l o w i n g Hermson t h e d i s t r i b u t i o n o f Cr o v e r t h e scan i s c a l l e d 
t h e c o r r e l a t i o n map; i f a t a b i n r t h e c o r r e l a t i o n between t h e PSF 
and t h e b i n n e d d a t a i s h i g h t h e n Cr w i l l be s i g n i f i c a n t l y p o s i t i v e . 
I f no s i g n a l e x i s t s i n t h e d a t a and t h e b a c k g r o u n d i s e i t h e r f l a t 
o r has a c o n s t a n t g r a d i e n t w i t h r t h e n Cr i s on a v e r a g e z e r o . The 
c o n s t a n t A can be n o r m a l i s e d so t h a t t h e maximum v a l u e of t h e 
c o r r e l a t i o n f u n c t i o n Cr i s e q u a l t o t h e s o u r c e s t r e n g t h ( i n 
c o u n t s ) . I f t h i s i s done and E q u a t i o n 5.S i s r e a r r a n g e d t h e 
f o l l o w i n g e x p r e s s i o n f o r C r i s o b t a i n e d : 
C r = (m.E(FN) - ( I F . I N ) ) . I F 
( i n . K F 2 ) - ( I F ) 2 ) 
( where a l l s u b s c r i p t s 
have been o m i t t e d ) 
From a s t a t i s t i c a l c o n s i d e r a t i o n o f t h e d i s t r i b u t i o n o f v a l u e s 
of t h e c o r r e l a t i o n f u n c t i o n , C r , f o r a scan b o t h w i t h o u t a s o u r c e 
and w i t h a f l a t b a c k g r o u n d , i t can be shown t h a t t h e p a r e n t mean o f 
such a d i s t r i b u t i o n i s z e r o . I n a d d i t i o n , an e x p r e s s i o n can be 
o b t a i n e d f o r t h e p a r e n t s t a n d a r d d e v i a t i o n o f t h e d i s t r i b u t i o n , S r. 
The r a t i o o f C r t o S r e x p r e s s e s t h e c o r r e l a t i o n v a l u e i n t e r m s o f 
p a r e n t s t a n d a r d d e v i a t i o n s o f t h e f u n c t i o n f o r a random 
d i s t r i b u t i o n o f c o u n t s i n a s c a n . T h i s r a t i o can be shown t o be : 
Cr = ( m . ( I ( F N ) - ( I F ) . ( I N ) ) — 5.6 
S r <<m.Z(F 2) - ( S F ) 2 ) . S ( N ) ) 1 / 2 
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The l a r g e r t h e v a l u e o f C r/S r t h e l e s s p r o b a b l e i t i s t h a t 
any o b s e r v e d e x c e s s can be a s c r i b e d t o a random b a c k g r o u n d 
v a r i a t i o n . 
C l e a r l y i t i s n e c e s s a r y t o d e f i n e F t o be a good a p p r o x i m a t i o n 
t o t h e PSF o f t h e s y s t e m and i n t h i s a n a l y s i s i t i s t a k e n t o be a 
g a u s s i a n o f FWHM 2.2°. P r a c t i c a l a p p l i c a t i o n o f t h e t e c h n i q u e has 
shown i t a b l e t o p i c k o u t e x c e s s e s i n t h e d a t a w h i c h a r e n o t 
i m m e d i a t e l y o b v i o u s t o t h e eye and w h i c h do n o t n e c e s s a r i l y o c c u r 
i n t h e c e n t r e o f t h e s c a n . 
3.2b T r a c k i n g Data 
Our main aim i n o b s e r v i n g Cygnus X-3 i n 1982 was t o v e r i f y 
r e s u l t s w h i c h had been o b t a i n e d i n 1981. U n f o r t u n a t e l y , w h i l e t h e 
m a j o r i t y o f t h e d a t a f r o m Cygnus X-3 i n 1981 had been t a k e n i n t h e 
d r i f t s c a n mode, t h e t r a c k i n g mode had been used t h r o u g h o u t t h e 
w h o l e o f 1982. Me t h e r e f o r e r e q u i r e d a t e c h n i q u e f o r e x a m i n i n g 
t h e t r a c k i n g d a t a i n such a way as t o a l l o w t h e use of t h e Maximum 
L i k e l i h o o d method d i s c u s s e d e a r l i e r . T h i s we d i d by i d e n t i f y i n g 
t h e phase a t w h i c h e m i s s i o n seemed t o o c c u r ( f r o m 1 9 8 1 ) , t a k i n g 
t h r e e 10 m i n u t e s e c t i o n s a b o u t t h i s phase ( b e f o r e , d u r i n g and 
a f t e r ) , and c o m p a r i n g t h e number o f c o u n t s i n t h e m i d d l e sample 
w i t h t h e p r e d i c t e d number f r o m t h e two a d j a c e n t s a m p l e s . 
S e v e r a l o b j e c t i o n s t o t h i s method i m m e d i a t e l y s p r i n g t o mind. 
For e x a m p l e , t h e c o u n t r a t e i s n o t c o n s t a n t i f t h e z e n i t h a n g l e o f 
t h e t e l e s c o p e s i s c h a n g i n g , and so t h e number o f c o u n t s e x p e c t e d 
i n t h e b e f o r e and a f t e r p e r i o d s w i l l n o t be e q u a l . I t can be 
shown, h o w e v e r , t h a t t h e e r r o r i n t h e v a l u e of t h e number o f e v e n t s 
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p r e d i c t e d i n t h e ON p e r i o d f r o m t h e n o n - l i n e a r change of c o u n t 
r a t e w i t h z e n i t h a n g l e 9 i s l e s s t h a n 0.3X f o r a l l v a l u e s of 8. 
C o n s i d e r i n g t h e s i z e o f t h e e x c e s s e s seen a t phase 0,625 d u r i n g t h e 
1981 season o f d r i f t s c a n s (see S e c t i o n 6.2b) we c o n s i d e r e d t h i s 
e f f e c t t o be n e g l i g i b l e . A second o b j e c t i o n w h i c h a r i s e s i s t h e 
f a c t t h a t t h e peak e m i s s i o n may n o t o c c u r a t p r e c i s e l y t h e assumed 
phase. T h i s i s a v a l i d c r i t i c i s m w h i c h l e d us t o examine t h e 
t r a c k i n g d a t a i n more d e t a i l i n an a t t e m p t t o d i s c o v e r t h e e x a c t 
t i m e s t r u c t u r e o f t h e e m i s s i o n ( s e e S e c t i o n 6 . 2 c ) . 
5.3 P e r i o d i c i t y A n a l y s i s o f Data 
5.3a R e d u c t i o n o f t h e Data t o t h e B a r y c e n t r e 
I n an e x p e r i m e n t such as t h e p r e s e n t one i t i s i m p o r t a n t b e f o r e 
p e r f o r m i n g a p e r i o d i c i t y a n a l y s i s o f a d a t a sample t o have 
c o r r e c t e d t h e e v e n t t i m e s f o r t h e q u i t e s i g n i f i c a n t e f f e c t s a r i s i n g 
f r o m b o t h t h e m o t i o n o f t h e E a r t h a b o u t t h e Sun, and t h e s p i n of 
t h e E a r t h a b o u t i t s own a x i s . T h i s i s done by c o r r e c t i n g each 
i n d i v i d u a l e v e n t t i m e (measured i n t h e moving l a b o r a t o r y f r a m e ) t o 
t h e t i m e a t w h i c h t h e e v e n t w o u l d have been r e c o r d e d a t t h e 
b a r y c e n t r e o f t h e S o l a r System. 
A p r o g r a m was d e v e l o p e d t o p e r f o r m t h i s f u n c t i o n w h i c h o p e r a t e d 
as f o l l o w s : 
( 1 ) The raw e v e n t t i m e was c o r r e c t e d f o r b o t h t h e d r i f t i n g o f t h e 
c r y s t a l c l o c k and t h e t i m e of t r a n s i t between t h e WWV s t a t i o n i n 
Denver and Dugway ( a b o u t 3 ms), and t h e n c o n v e r t e d t o C o o r d i n a t e d 
U n i v e r s a l Time (UTC). 
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( 2 ) From t h e r e l a t i v e p o s i t i o n o f t h e o b j e c t o b s e r v e d and t h e 
Dugway s i t e , i n t h e E a r t h ' s g e o c e n t r i c r e f e r e n c e f r a m e , t h e e v e n t 
t i m e was c o r r e c t e d t o t h e c e n t r e o f t h e E a r t h . 
(3) U s i n g i n f o r m a t i o n p r o v i d e d by t h e MIT b a r y c e n t r e e p h e m e r i s 
(Ash e t a l . , 1767) s p e c i f y i n g t h e p o s i t i o n o f t h e g e o c e n t r e o f t h e 
E a r t h r e l a t i v e t o t h e S o l a r System b a r y c e n t r e , t h e e v e n t t i m e was 
c o r r e c t e d t o t h e t i m e a t w h i c h i t w o u l d have r e a c h e d t h e 
b a r y c e n t r e . 
( 4 ) A r e l a t i v i s t i c c o r r e c t i o n was f u r t h e r a p p l i e d t o t h e e v e n t 
t i m e t o t a k e i n t o a c c o u n t t h e s m a l l changes i n r a t e o f E a r t h - b a s e d 
c l o c k s due t o t h e v a r y i n g speed of t h e E a r t h i n i t s o r b i t a b o u t t h e 
Sun. 
Spot v a l u e s o f t h e a b s o l u t e c o r r e c t i o n , ( w h i c h can be as h i g h as 
500 s e c o n d s d e p e n d i n g upon t h e d e c l i n a t i o n o f t h e o b j e c t and t h e 
t i m e o f y e a r ) , when compared w i t h v a l u e s o b t a i n e d by a v a r i e t y o f 
o t h e r a s t r o n o m i c a l r e s e a r c h g r o u p s , have been f o u n d t o be 
s a t i s f a c t o r i l y c o n s i s t e n t . An example i s g i v e n i n T a b l e 5.1 w h i c h 
compares v a l u e s o f t h e b a r y c e n t r i c c o r r e c t i o n o b t a i n e d f r o m t h e 
Durham p r o g r a m w i t h t h o s e o b t a i n e d f r o m t h e p r o g r a m used by t h e 
Mount H o p k i n s O b s e r v a t o r y g r o u p (Weekes, p r i v a t e c o m m u n i c a t i o n ) . 
The c o r r e c t i o n i s f o r t h e Crab P u l s a r and i s a p p r o p r i a t e t o t h e 
s i t e o f t h e MHO. Thus use o f t h e p r o g r a m e n a b l e s us t o keep 
r e a s o n a b l e a b s o l u t e phase i n o b s e r v a t i o n s o f a l l p u l s a r s e x c e p t 
p e r h a p s t h e r e c e n t l y d i s c o v e r e d m i l l i s e c o n d p u l s a r 4C21. 
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D a t e UTC D e l a y (MHO) D e l a y ( D u r ) D i f f . ( j i s ) 
0 6-12-83 0920 488.498123 488.498117 6 
06-12-83 0950 488.527847 488.527832 15 
06-12-83 1020 ' 488.557251 488.557226 25 
08-12-83 0730 491.050908 491.050931 23 
08-12-83 0800 491.075545 491.075559 14 
08-12-83 0830 491.099828 491.099832 4 
T a b l e 5.1 
A C o m p a r i s o n o f t h e B a r y c e n t r i c C o r r e c t i o n s E v a l u a t e d 
by t h e MHO and t h e Durham A l g o r i t h m s 
5.3b O r b i t a l C o r r e c t i o n f o r B i n a r y P u l s a r s 
The p r e v i o u s s e c t i o n d e a l t w i t h t h e c o r r e c t i o n s n e c e s s a r y t o 
a c c o u n t f o r t h e o r b i t a l m o t i o n s o f t h e o b s e r v i n g s i t e ; i f t h e 
s o u r c e i s i t s e l f i n a b i n a r y o r b i t (eg PSR 1913+16) a f u r t h e r 
c o r r e c t i o n needs t o be made. The p a r a m e t e r s s p e c i f y i n g t h e s i z e o f 
t h e c o r r e c t i o n a r e t h e d i a m e t e r o f t h e o r b i t ( i n l i g h t s e c o n d s ) , 
t h e o r b i t a l p e r i o d , t h e o r b i t a l e l l i p t i c i t y and t h e o r b i t a l phase; 
g i v e n t h a t t h e s e a r e s u f f i c i e n t l y w e l l known f r o m o b s e r v a t i o n s a t 
o t h e r w a v e l e n g t h s t h e s i z e of t h e c o r r e c t i o n can be deduced t o a 
h i g h d e g r e e o f a c c u r a c y . 
5.3c A n a l y s i s w i t h a Known E p h e m e r i s 
I f t h e p a r a m e t e r s s p e c i f y i n g t h e p e r i o d and phase of a p u l s a r 
a r e w e l l d e f i n e d f r o m o b s e r v a t i o n s a t o t h e r waveleng'ths t h e n o n l y 
one h y p o t h e s i s need be t e s t e d i n t h e a n a l y s i s . T h i s i s i n c o n t r a s t 
t o t h e more g e n e r a l c a s e i n w h i c h a p r e c i s e e p h e m e r i s i s n o t 
a v a i l a b l e and t h e a n a l y s i s has t o be r e p e a t e d a t t h e l a r g e number 
o f - d i f f e r e n t p e r i o d s p o s s i b l e , t h e r e b y g r e a t l y i n c r e a s i n g t h e 
number o f d e g r e e s o f f r e e d o m expended i n t h e t e s t . 
I n o r d e r t o a s s i s t i n t h e a n a l y s i s o f t h e p r e s e n t Crab P u l s a r 
d a t a c o n t e m p o r a r y r a d i o measurements were u n d e r t a k e n f r o m J o d r e l l 
Bank w h i c h p r o v i d e d a v e r y a c c u r a t e month-by-month e p h e m e r i s f o r 
t h e w h o l e o f 1982. T h i s e p h e m e r i s , g i v e n i n T a b l e 5.2 ( L y n e , 
p r i v a t e c o m m u n i c a t i o n ) , s p e c i f i e s t h e e x a c t p e r i o d , p e r i o d f i r s t 
d e r i v a t i v e and phase o f t h e P u l s a r a t an epoch i n each month d u r i n g 
t h e one y e a r i n t e r v a l . U s i n g t h i s i n f o r m a t i o n t h e p r e c i s e phase o f 
t h e o b j e c t , r e l a t i v e t o t h e r a d i o main p u l s e , can be deduced f o r 
j 
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DATE ARRIVAL TIME PERIOD PDOT 
(JD) (SECS) (MICS/DAY) 
Feb 82 5015. 500000167454 .033267658429 .036433118 
Mar 5043. 500000145266 .033268678512 .036430497 
Apr 5074. 500000244988 .033269807879 .036430519 
May 5104. 500000038866 .033270900773 .036431357 
June 5135. 500000205150 .033272030095 .036426127 
J u l y 5165. 500000077662 .033273122926 .036426786 
Aug 5196. 500000266609 .033274252156 .036427217 
Sep t 5226. 500000362315 .033275381396 .036427151 
Oct 5257. 500000091713 .033276474180 .036427415 
Nov 5288. 500000120266 .033277603411 .036426514 
Dec 5318. 500000270764 .033278696195 .036426046 
T a b l e 5.2 
The a r r i v a l t i m e , p e r i o d and p e r i o d f i r s t d e r i v a t i v e 
o f t h e Main r a d i o p u l s e o f t h e Crab P u l s a r a t each 
month i n 1982. ( L y n e , p r i v a t e c o m m u n i c a t i o n ) 
any t i m e i n 1982. 
Gi v e n t h a t t h e f o l l o w i n g p a r a m e t e r s a r e known : 
t o t h e epoch o f t h e e p h e m e r i s 
t h e phase o f t h e p u l s a r a t t i m e t o 
Po The p e r i o d o f t h e p u l s a r a t t i m e t o 
P i The t i m e d e r i v a t i v e o f t h e p e r i o d a t to. 
i t i s u s u a l t o e v a l u a t e t h e c o r r e s p o n d i n g f r e q u e n c y t e r m s f o and f t 
u s i n g t h e f o l l o w i n g f o r m u l a s : 
From t h e s e p a r a m e t e r s t h e phase $1 of t h e p u l s a r a t any t i m e t i 
can be e v a l u a t e d u s i n g : 
* i = *o + f o . ( t t - t o ) + f i . ( t » - t o ) 2 / 2 — 5.7 
Once t h e phase o f each e v e n t i n t h e d a t a sample has been 
d e t e r m i n e d t h e u n i f o r m i t y o f t h e r e s u l t a n t phase d i s t r i b u t i o n can 
be t e s t e d f o r e v i d e n c e o f p u l s e d gamma r a y c o n t e n t u s i n g one o r 
o t h e r o f t h e s t a t i s t i c a l t e s t s d i s c u s s e d i n S e c t i o n 5 . 3 f . 
5.3d S e a r c h f o r an U n d e f i n e d P e r i o d 
An o b j e c t such as Cygnus X-3, w h i c h a l t h o u g h known t o e m i t VHE 
gamma r a y s has n e v e r been i d e n t i f i e d as a p u l s a r , c l e a r l y l e n d s 
f o = 1/Po and 
P i / < P o , 2 
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i t s e l f t D t h i s f o r m o f a n a l y s i s . I t i s a d v a n t a g e o u s t o i d e n t i f y a 
d a t a s e c t i o n w h i c h i t i s hoped c o n t a i n s a s i g n i f i c a n t number of 
gamma r a y s and w i t h . C y g n u s X-3 t h i s i s done by a n a l y s i n g o n l y t h e 
'ON' t i m e o f t h o s e s c a n s s h o w i n g a s t a t i s t i c a l l y s i g n i f i c a n t 
e x c e s s . 
We t a k e t h e l o w e r p e r i o d l i m i t f o r a gamma r a y e m i t t i n g p u l s a r 
t o be 1ms ( t h e n e w l y d i s c o v e r e d p u l s a r 4C21 has a p e r i o d of a b o u t 
1.5 ms f o r e x a m p l e ) , and t h e u p p e r l i m i t t o be a b o u t 10 s e c o n d s ; 
t h e d a t a b e i n g a n a l y s e d a t a number of t r i a l p e r i o d s between t h e s e 
two l i m i t s . The p a r t i c u l a r number of t r i a l p e r i o d s i s r e l a t e d t o 
t h e t i m e d u r a t i o n o f t h e d a t a sample b e i n g t e s t e d s i n c e i t i s o n l y 
n e c e s s a r y t o use p e r i o d s w h i c h a r e h a r m o n i c s o f t h e d a t a i n t e r v a l . 
T hus, when u n f o l d e d w i t h two a d j a c e n t and i n d e p e n d e n t t r i a l 
p e r i o d s t h e r e l a t i v e phase of t h e f i r s t and t h e l a s t e v e n t s i n t h e 
s e r i e s c h a n g e s by e x a c t l y one c y c l e . 
Suppose t h e t i m e d u r a t i o n o f t h e sample i s T and t h e l o w e r and 
u p p e r p e r i o d l i m i t s a r e P i and P u r e s p e c t i v e l y . The minimum number 
o f t r i a l p e r i o d s w h i c h need t o be t e s t e d , N t , i s g i v e n by : 
Nt = L - I 5.8 
P i Pu 
The s e p a r a t i o n b etween two a d j a c e n t t r i a l p e r i o d s i s n o t 
c o n s t a n t , b e i n g l e s s a t t h e l o w e r p e r i o d s . For e x a m p l e , j u s t as 
many t r i a l p e r i o d s need t o be t e s t e d between 20 ms and 25 ms, as 
b e t w e e n 100 ms and 100 s. I n p r a c t i c a l a p p l i c a t i o n s o f t h e method 
t r i a l p e r i o d s s e p a r a t e d by 1/3rd o f a h a r m o n i c i n t e r v a l a r e used. 
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A s e c o n d a p p l i c a t i o n o f t h i s t e c h n i q u e i s t h e case i n w h i c h t h e 
e p h e m e r i s o f a p u l s a r i s known, b u t i s s u f f i c i e n t l y u n c e r t a i n (due 
p e r h a p s t o a l a c k , o f r e c e n t measurements) as t o r e q u i r e a s m a l l 
amount o f s w e e p i n g a b o u t t h e p r e d i c t e d p e r i o d . T h i s w o u l d a l s o 
a p p l y i n t h e case of a b i n a r y P u l s a r whose o r b i t a l p a r a m e t e r s a r e 
n o t s u f f i c i e n t l y w e l l d e f i n e d . 
G i v e n t h a t a p a r t i c u l a r v a l u e o f p e r i o d i s b e i n g t e s t e d , t h e 
r e l a t i v e p hase o f each e v e n t i n t h e d a t a sample can be d e t e r m i n e d 
and t h e r e s u l t a n t phase d i s t r i b u t i o n t e s t e d f o r u n i f o r m i t y u s i n g 
one o r o t h e r o f t h e t e c h n i q u e s d i s c u s s e d i n S e c t i o n 5 . 3 f . 
5.3e S e a r c h f o r T r a n s i e n t P u l s e d E m i s s i o n 
A n o t h e r v a r i a b l e i n t h e p e r i o d i c i t y a n a l y s i s t e c h n i q u e i s t h e 
d a t a segment u s e d ; t h e d a t a sample can be a n a l y s e d as a w h o l e i f 
c o n t i n u o u s p u l s e d e m i s s i o n i s t h o u g h t t o o c c u r , o r t h e d a t a can be 
s p l i t i n t o s e c t i o n s o f v a r i a b l e t r i a l l e n g t h s i f b u r s t s o f p u l s e d 
e m i s s i o n a r e t h o u g h t t o o c c u r w i t h a d u r a t i o n l e s s t h a n t h e p e r i o d 
o f o b s e r v a t i o n . The second method can o f t e n be an e s s e n t i a l p a r t 
of t h e a n a l y s i s f o r t w o p r i n c i p a l r e a s o n s : 
( 1 ) I f t h e d u r a t i o n o f p u l s e d e m i s s i o n f r o m t h e p u l s a r i s s h o r t e r 
t h a n t h e d u r a t i o n o f t h e w h o l e t i m e s e r i e s t h e n i n c l u s i o n o f t h e 
w h o l e d a t a s a m p l e i n t h e a n a l y s i s r e d u c e s t h e p e r c e n t a g e o f p u l s e d 
e v e n t s and weakens t h e e f f e c t i v e n e s s o f t h e t e s t . 
( 2 ) I t can be shown f r o m t h e a n a l y s i s of r a n d o m l y g e n e r a t e d 
p e r i o d i c d a t a t h a t i f t h e p u l s e d e v e n t s a r e c o n c e n t r a t e d t o g e t h e r 
w i t h i n t h e d a t a sample ( i e a r e n o t s p r e a d e v e n l y t h r o u g h o u t t h e 
d a t a ) , t h e n t h e b e s t p e r i o d r e c o v e r e d by a s w e e p i n g t e c h n i q u e can 
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be s i g n i f i c a n t l y o f f s e t f r o m t h e t r u e p e r i o d of t h e p u l s e d e v e n t s 
( O r f o r d , p r i v a t e c o m m u n i c a t i o n ) . 
5.3f S t a t i s t i c a l A n a l y s i s o f Phase I n f o r m a t i o n 
I n t h e s p e c i a l i s e d case i n w h i c h t h e e x p e c t e d shape o f t h e 
phase d i s t r i b u t i o n i s w e l l known f r o m o t h e r measurements t h e u s u a l 
p r o c e d u r e f o l l o w e d , known as 'epoch f o l d i n g ' , i s t o b i n t h e phases 
i n t h e s e r i e s t o p r o d u c e t h e ' l i g h t c u r v e ' o f t h e o b j e c t . The 
r e s u l t i n g h i s t o g r a m can t h e n be t e s t e d f o r u n i f o r m i t y i n two ways : 
(1 ) P e a r s o n ' s c h i - s q u a r e d t e s t - a g e n e r a l t e s t o f t h e ' f l a t n e s s ' 
o f a h i s t o g r a m , and t h e amount o f d e v i a t i o n f r o m e x p e c t a t i o n 
o f t h e i n d i v i d u a l b i n v a l u e s . 
( 2 ) B i n o m i a l c o m p a r i s o n - i n t h e s p e c i a l case i n w h i c h a d e f i n i t e 
p r e d i c t i o n e x i s t s as t o t h e p o s i t i o n i n t h e l i g h t 
c u r v e o f any e x c e s s o f e v e n t s , t h e number o f e v e n t s i n t h e 
b i n o r b i n s i n q u e s t i o n can be compared w i t h t h e e x p e c t e d 
number as d e r i v e d f r o m t h e r e s t o f t h e l i g h t c u r v e . 
I n many c a s e s t h i s s o r t o f t e s t s u f f e r s some d i s a d v a n t a g e s -
p r i n c i p a l l y t h o s e a r i s i n g f r o m t h e a r b i t r a r y c h o i c e s made i n t h e 
b i n n i n g p r o c e d u r e . 
I n t h e more g e n e r a l case i n w h i c h t h e shape o f t h e e x p e c t e d 
l i g h t c u r v e i s t o t a l l y unknown t h e ' u n i f o r m l y most p o w e r f u l ' t e s t 
( M a r d i a , 1972) f o r t h e u n i f o r m i t y o f a c i r c u l a r phase d i s t r i b u t i o n , 
w h i c h a l s o a v o i d s t h e p r o b l e m o f a r b i t r a r y c h o i c e , i s t h e R a y l e i g h 
t e s t . I n t h i s , a v e c t o r o f modulus R i s f o r m e d as t h e r e s u l t a n t 
o f a s e r i e s o f u n i t v e c t o r s a t t h e phases of t h e e v e n t s i n t h e t i m e 
s e r i e s . I n e s s e n c e t h e t e s t c o r r e l a t e s t h e e v e n t t i m e s e r i e s w i t h 
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a s i n e wave a t t h e t r i a l p e r i o d , and i s a n a l a g o u s t o a t e s t i n 
c o n t i n u o u s d a t a f o r t h e a m p l i t u d e o f a p a r t i c u l a r f r e q u e n c y 
e x i s t i n g i n a power s p e c t r u m . G i v e n t h a t each e v e n t i n t h e s e r i e s 
has an a s s i g n e d phase * i we c a l c u l a t e t h e two t e r m s : 
C = <E<CosUi)))/N and 
S = ( I M S i n U i ) ) ) / N 
f r o m w h i c h R i s t h e n e v a l u a t e d as : 
R = <C2 + S 2 ) 1 ' 2 
The p r o b a b i l i t y o f t h e t e r m NR 2 i s e v a l u a t e d a c c u r a t e l y f r o m : 
P r o b ( N R 2 > K ) = e - K . (1-H2K-K 2) 
4-N 
- ( 2 4 K - 1 3 2 K 2 + 7 6 K 3 - 9 K i > ) ) 5.9 
228N 
An a p p r o x i m a t i o n t o t h i s s e r i e s i s t h e f i r s t t e r m e x p ( - N R s ) , w h i c h 
c o r r e s p o n d s t o t h e p r o b a b i l i t y o f t h e t e r m 2NR 2 a r i s i n g f r o m a X 2 
d i s t r i b u t i o n w i t h 2 d e g r e e s o f f r e e d o m . 
Two main p r o b l e m s c o n n e c t e d w i t h t h e use o f t h i s t e s t e x i s t : 
(1) The t e s t assumes t h a t o n l y a s i n g l e d i r e c t i o n a l i t y e x i s t s i n 
t h e d i s t r i b u t i o n , and a p r o b l e m a r i s e s when i t i s a p p l i e d t o t h e 
a n a l y s i s o f d a t a t a k e n f r o m a p u l s a r e m i t t i n g a l i g h t c u r v e w i t h 
b o t h a main and i n t e r - p u l s e . I n t h i s case when t h e d a t a i s 
u n f o l d e d w i t h t h e p u l s a r p e r i o d t h e two p u l s e s a r e a s s i g n e d a l m o s t 
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e x a c t l y o p p o s i t e phases and R, t h e modulus o f t h e r e s u l t a n t 
v e c t o r , w i l l n o t have a s i g n i f i c a n t l y l a r g e v a l u e . I n o t h e r words 
a c o m p l i c a t e d l i g h t c u r v e w i l l n o t c o r r e l a t e w i t h a s i n e wave. I f 
we assume, h o w e v e r , t h a t t h e main and i n t e r - p u l s e a r e a p p r o x i m a t e l y 
180° a p a r t ( w h i c h i s o f t e n t h e c a s e ) t h e p u l s a r l i g h t c u r v e w i l l 
c o r r e l a t e w i t h a s i n e wave of t w i c e t h e p u l s a r f r e q u e n c y . The 
d a t a i s t h e r e f o r e u n f o l d e d w i t h b o t h P and P/2. 
(2) The t e s t i s most e f f i c i e n t i n d e t e c t i n g p u l s e d e m i s s i o n h a v i n g 
a b r o a d p e aked l i g h t c u r v e . When t h e w h o l e o f t h e e x c e s s o c c u r s i n 
a n a r r o w peak t h e e f f e c t i v e n e s s o f t h e t e s t i n i d e n t i f y i n g t h e 
p u l s e d e m i s s i o n i s much r e d u c e d . As has been p o i n t e d o u t ( L e a h y , e t 
a l . , 1983) t h e R a y l e i g h T e s t i n t h i s case becomes l e s s s e n s i t i v e i n 
f i n d i n g p u l s e d e m i s s i o n t h a n t h e s t a n d a r d epoch f o l d i n g t e c h n i q u e 
d i s c u s s e d e a r l i e r . 
5.4 The A r r a y T i m i n g A n a l y s i s o f t h e Data 
From t h e i n f o r m a t i o n r e c o r d e d a b o u t each e v e n t t r i g g e r i n g a 
r e s p o n s e f r o m t h e s y s t e m i t i s p o s s i b l e t o d e t e r m i n e t h e r e l a t i v e 
t i m e o f a r r i v a l o f t h e shower f r o n t a t each o f t h e t e l e s c o p e s . I f 
t h r e e o r more t e l e s c o p e s a r e i n v o l v e d i n t h e e v e n t t h e n t h e 
a p p r o x i m a t e a r r i v a l d i r e c t i o n o f t h e shower can be deduced. L e t 
us c o n s i d e r t h e f o l l o w i n g p a r a m e t e r s : 
t i , t j s The t i m e o f a r r i v a l o f t h e shower f r o n t a t 
t e l e s c o p e s i and j r e s p e c t i v e l y , r e l a t i v e 
t o t h e t i m e o f a r r i v a l a t t e l e s c o p e 1 
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x i , y t , z i : The x , y , z coordinates of telescope i r e l a t i ve 
to telescope 1. 
X j , y j | Z j : The x , y , z coordinates of telescope j r e l a t i ve 
to telescope 1. 
(where we take a car tes ian coordinate frame with ' x ' pointing due 
north, and ' z ' pointing to the zen i th . ) 
Assuming a f l a t shower front i t can be shown that : 
Cos 2 ( f l ) . ((y, z t - y t z, ) 2 + ( x t y , - x, y2 ) 2 + (x, z z - x^ z ( ) 2 ) 
+ 2. c . C o s ( 9 ) . ( ( X j t, - x, t 2 ) . (x, z 2 - x t z, ) 
+ <yat, - y, t t ) . ( y , z 2 - y l Z , )) 
+ <c 2 . (<y, t t - y i t , >* + ( x , t , - x, t j ) 
- < x i v , - *, y t , l ) 
0 5.10 
Solving the quadratic leads to two values of the zenith angle 9; 
one being the true zenith angle of the shower, the other being i t s 
mirror image in the azimuthal plane. The azimuth angle of the 
shower can now be determined from the equation : 
CosU) = (c . ( x t ti - x. tt ) * Cos(8 ) . (Xi z x - x *Z i )) 5.11 
Sin (8 ) . ( x x y, - x, yz ) 
Thus the a r r i v a l d i rect ion of the shower i s determined in the 
' a l t -az imuth ' system. I t i s usual ly more useful to convert the 
values into « ,$ , the r ight ascension and decl inat ion of the 
shower and, s ince the time of a r r i v a l of the shower i s known to a 
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high degree of p r e c i s i o n , t h i s can be done using the standard 
conversion procedures. The factors which introduce uncertainty 
into the method are : 
(1) The assumption of a f l a t shower f ront . 
(2) Uncertainty in the r e l a t i v e posit ion of the te lescopes. 
(3) Uncertainty in the values t i and t j , p r i n c i p a l l y due to 
j i t t e r in the TAC u n i t s . 
I t was i n i t i a l l y hoped that a r r i v a l d i rect ions would be 
determined to within about + 0 . 2 ° , thus enabling around 80% - 907. 
of the 3-fold telescope responses to be re jected as coming from 
OFF-source. Unfortunately, due to a combination of a l l three 
problems l i s t e d above i t appears that a resolut ion of only about + 
0 .5° has been achieved (Walmsley, pr ivate communication). In 
addi t ion , the rate at which the system recorded 3-fold events was 
not as high as had been expected, as discussed in Section 3.7b. 
Consequently the method has not been found to be as useful as was 
o r i g i n a l l y hoped when the experiment was designed. However, work 
i s continuing in an attempt to further develop the technique and i t 
i s hoped that i t w i l l have some part to play in future VHE gamma 
ray experiments. 
5 . S The Derivation of Flux and Luminosity 
I t i s common prac t ise in ground based Cerenkov astronomy to 
express the flux of gamma rays observed from an object , whether 
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derived from d r i f t scan data or through a per iod ic i ty search, in 
terms of i t s r a t i o to the cosmic ray background flux seen during 
the observat ion. It i s more useful to convert th is f igure (usually 
given in percentage terms) to a flux expressed, for a d iscrete 
source, in photons c m - 2 s _ 1 . 
Let us suppose that in a given data sample, taken at a gamma ray 
energy threshold of 1300 6eV (corresponding to a cosmic ray 
threshold of about 2000 GeV), a count excess of 10% i s seen. The 
integral cosmic ray flux at t h i s threshold i s known to be about 3.8 
10~* c m - 2 s " 1 s t r - 1 (see Section 3 .6b) . Thus, s ince the f i e l d of 
view of the array i s about 1.67 10~ 3 s t r . we deduce the expected 
cosmic ray flux at E C r > 2000 SeV to be 6.3 10" 9 c m - 2 s _ 1 . The 
excess of gamma rays i s therefore deduced to correspond to a flux 
of about 6.3 1 0 _ l ° c m - 2 s _ 1 at Ev > 1300 GeV. For energy 
thresholds other than the one given above the background cosmic ray 
flux may be evaluated by assuming an integral spectra l slope of 
-1 .6 (Cra ig , 1984). 
Once the gamma ray flux i s known i t i s a lso informative to 
deduce the luminosity of the source. Assuming that the source 
emits i s o t r o p i c a l l y t h i s parameter i s evaluated using the following 
equation : 
L = 4ffFd 2 E. 5.12 
where L : luminosity in ergs s ~ l 
F s flux in cm - 2 s - 1 
d : distance to source in cm 
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E . : average photon energy detected 
from source 
The only uncertain parameter in th is equation i s E . , the average 
energy of the i n i t i a t i n g gamma rays emitted by the source. Let us 
suppose that the source has a d i f f e r e n t i a l spectrum given by : 
S(E) = A . E " V 
where S(E)dE : number of gamma rays of 
energy between E and E+dE 
E : energy of gamma rays 
Y : d i f f e r e n t i a l spectra l slope 
The in tegra l spectrum i s therefore given by : 
N O E t ) = (A .Et '~* ) 
(1-Y) 
where N O E t ) : total number of gamma rays 
above threshold energy 
E t : energy threshold 
Now the tota l energy contained in the spectrum above an energy E f c , 
E O E t ) , i s given by : 
E O E t ) = J^S(E)EdE 
= J A . E C I - V > I dE 
(A.Et ) 
(2-V) 
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E ( > E t ) = N O E t ) . E t . (1-Y) 
(2-Y) 
Equation 5.12 now becomes : 
L = 4?rFd 2 Et<l-y) 5.13 
(2-V) 
The factor <i -V) /<2-V), which in pract ice i s always greater than 
1, cor rec ts for the fact that most gamma rays detected at a 
pa r t i cu la r threshold energy have an energy in excess of the 
threshold value. 
This equation also i l l u s t r a t e s the fact that the d i f f e ren t i a l 
slope of a spectrum must be l e s s than - 2 , otherwise the spectrum 
wi l l contain an i n f i n i t e amount of energy. 
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Chapter Six 
Resul ts 
6.1 Introduction 
When i t came to examining the data taken on the various objects 
observed in 1981 and 1982 a c lear order of p r io r i t y was necessary. 
The two pr inc ipa l sources observed, the Crab Pulsar and Cygnus 
X-3, have received the most attention and wi l l be reported on in 
t h i s work. The ana lys is of the other objects observed i s 
cont inuing, and w i l l be reported seperately (Walmsley, Ph.d. 
t h e s i s , in preparation and Dowthwaite, Ph.D. t h e s i s , in 
preparat ion) . 
6.2 Cygnus X-3 
6.2a Aims of the Analysis 
As was discussed in Section 1.5, extensive observations of 
Cygnus X-3 have been made in the years since i t s radio outburst in 
1972 (Gregory, 1972):, with pos i t ive detections having been 
reported at a l l wavelengths from radio up to energies in excess of 
1 0 l s eV. 
The most d is t inguishing feature of the object i s the 
c h a r a c t e r i s t i c near -s inusoidal 4.8 hour amplitude modulation of i t s 
in f ra - red (Mason et a l . , 1976) and X-ray (Eisner et a l . , 1980) 
emission, not yet seen in e i ther the radio or the o p t i c a l . At 
gamma ray energies of around 100 HeV some doubt e x i s t s , with the 
SAS-2 observation in 1973 (Lamb et a l . , 1977) showing an apparently 
4.8 hour modulated pos i t ive s i g n a l , which was not confirmed by the 
la te r COS-B measurements (Strong et a l . , 1982). At energies in 
excess of 1000 GeV r e s u l t s from 3 observatories suggest that a 4.8 
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hour per iodic signal e x i s t s with the phase of the gamma ray maximum 
coinciding with that seen in X-rays (Neshpor et a l . , 1979} Danaher 
et a l . , 1981; Lamb et a l . . , 1981). Recent claims of a posi t ive 4.8 
hour modulated signal have also been made at energies in excess of 
1 0 1 S eV (Samorski and Stamra, 1983, and Lloyd-Evans et a l . , 1983). 
In addit ion to t h i s accepted short term v a r i a t i o n , a further 
34.1 day amplitude modulation of the o b j e c t ' s X-ray emission has 
also been reported (Molteni et a l . , 1 9 8 0 ) . 
The pr inc ipa l aims of our observations of Cygnus X-3 have 
therefore been to confirm the 4.8 hour modulation of gamma rays 
above 1000 GeV, to ascer ta in the time structure of any emission 
found, and to search for the reported 34.1 day modulation. 
6.2b The 4.8 Hour Per iod ic i ty 
Considering f i r s t the 1981 data, d r i f t scans were summed with 
others having ident ica l phases, as defined by the ephemeris of Van 
der K l i s and Bonnet-Bidaut (Van der K l i s et a l . , 1981), and 
analysed for count rate excesses using the Maximum Likelihood 
method described in Section 5.2a. Table 6.1 gives the number of 
events recorded before, during and after the t r a n s i t of Cygnus 
X-3, together with the observed excess number of counts and the 
upper and lower l i m i t s of t h i s excess , for each of the observed 
phases. The excess , expressed as a percentage of the cosmic ray 
background, i s plotted against phase in Figure 6.1. It i s noted 
that the only s i g n i f i c a n t l y pos i t ive excess occurs at phase 
0.625/0.655 for which the ON/OFF ra t io i s 1.076 +0.031 (based upon 
1770 counts ON source and 3291 counts OFF source) . We had thus 
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Phase B D A S S-
0.0 931 862 877 -42.0 36.4 36.1 
0.03 1114 1127 1136 2.0 41.3 40.9 
0.125 1115 1154 1205 -6 .0 41.8 41.5 
0.155 593 665 682 27.5 31.5 31.2 
0.25 1476 1434 1395 -1 .5 46.6 46.2 
0.28 708 723 732 3.0 33.1 32.7 
0.375 1617 1583 1569 -10.0 48.9 48.6 
0.405 567 520 603 -65.0 28.7 28.4 
0.5 1191 1150 1116 -3 .5 41.7 41.4 
0.53 201 208 206 4.5 17.8 17.4 
0.625 1152 1293 1268 83.0 43.7 43.4 
0.655 423 477 448 41.5 26.5 26.2 
0.75 1237 1207 1240 -31.5 42.9 42.6 
0.78 561 566 563 4.0 29.3 28.9 
0.875 1231 1198 1207 -21.0 42.7 42.4 
0.905 451 468 471 7.0 26.6 26.3 
Table 6.1 
The number of Cerenkov events recorded in 1981 before, during 
and af ter the t r a n s i t of Cygnus X-3 at each phase of the 4.8 
hour c y c l e . Also shown are the excess number of events with the 
associated pos i t ive and negative uncer ta in t ies 
Figure 6.1 
The X excess of Cerenkov events recorded from 
Cygnus X-3 in 1981 at var ious phases of the 
4.8 hour cyc le 
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obtained evidence at the 2.4 standard deviation level for gamma ray 
emission at phase 0.625/0.655', const i tut ing 7.6% of the cosmic ray 
background and corresponding to an integral peak flux of at least 
4.8 1 0 - 1 0 cm" 2 s " 1 at E > 1300 GeV. 
In view of e a r l i e r r e s u l t s which suggested that the spectral 
slope of .Cygnus X-3 at VHE gamma ray energies may be steeper than 
that of the cosmic ray background (Vladimirsky et a l . , 1973), we 
invest igated whether the observed excess at phase 0.625/0.655 
occurred more strongly in the response of any par t icu la r telescope. 
We found that telescope 3, which had a s i g n i f i c a n t l y lower energy 
threshold than the others , indeed contributed most of the excess 
counts. Table 6.2 l i s t s , by phase, the observed excesses for 
showers which triggered telescope 3, while Figure 6.2 shows these 
excesses expressed as a percentage of the cosmic ray background. 
I t i s seen that t h i s telescope alone showed an excess of 14% at 
phase 0 .625/0 .655, at the 3.35 standard deviation level (1079 
counts ON and 1893 counts OFF) , corresponding to an integral peak 
flux of about 1.4 10"' c m - 2 s _ 1 for E > 1000 GeV. A more 
detai led d iscussion of the impl icat ions of th is e f fect i s given in 
Section 6.2e. 
The tracking data taken in 1982 yielded a total of 106 
acceptable 'pseudo d r i f t scans ' (as discussed in Section 4 .2a ) , 
which were analysed in the same manner as the 1981 d r i f t scan data. 
Table 6.3 l i s t s , by 4.8 hour phase, the observed excesses for a l l 
events recorded in 1982, and these excesses expressed as a 
percentage of the cosmic ray background are shown in Figure 6.3. 
The e f fect at phase 0.625 i s seen to be reduced from the value 
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Phase B D A S S* S-
0.0 424 400 394 -9 .0 24.8 24.4 
0.03 569 539 548 -19.5 28.8 28.4 
0.125 513 572 545 43.0 29.1 28.8 
0.155 347 391 410 12.5 24.3 23.9 
0.25 759 718 693 -8 .0 33.0 32,7 
0.28 457 431 469 -32.0 25.9 25.6 
0.375 805 783 773 -6 .0 34.5 34.2 
0.405 365 348 381 -25.0 23.3 23.0 
0.5 725 720 669 23.0 32.9 32.5 
0.53 129 120 115 -2 .0 13.6 13.3 
0.625 651 770 723 83.0 33.6 33.2 
0.655 260 309 259 49.5 21.1 20.8 
0.75 509 508 502 2.5 27.8 27.4 
0.78 346 338 . 359 -14.5 22.8 22.5 
0.875 688 648 629 -10.5 31.4 31.1 
0.905 272 267 295 -16.5 20.4 20.1 
Table 6.2 
The number of Cerenkov events recorded on the low energy 
channel in 1981 before, during and after the t r a n s i t of Cygnus 
X-3 at each phase of the 4.8 hour c y c l e . Also shown are the 
excess number of events with the associated posi t ive 
and negative uncer ta in t ies 
Figure 6.2 
The % excess of Cerenkov events recorded in 
the low energy channel from Cygnus X-3 in 1981 
at various phases of the 4.8 hour cyc le 
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Phase B D A S S* S-
0.0 2844 2812 2825 -22.5 . 65.2 64.6 
0.125 3605 3380 3292 -68.5 71.4 71.4 
0.25 2414 2283 2226 -37.0 58.9 58.4 
0.375 755 692 663 -17.0 32.5 32.2 
0.5 1619 1552 1607 -61.0 48.6 48.3 
0.625 5261 5359 5190 133.5 89.2 88.8 
0.75 5442 5549 5457 99.5 89.8 89.8 
0.875 4693 4604 4396 59.5 83.5 83.4 
Table 6.3 
The number of Cerenkov events recorded in 1982 before, during 
and af ter the t r a n s i t of Cygnus X-3 at each phase of the 4.8 
hour c y c l e . Also shown are the excess number of events with the 
associated pos i t ive and negative uncer ta in t ies 
F i g u r e 6.3 
The 1. e x c e s s o f C e r e n k o v e v e n t s r e c o r d e d f r o m 
C y g n u s X-3 i n 1 9 8 2 a t v a r i o u s p h a s e s o f t h e 
4.8 h o u r c y c l e 
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o b s e r v e d i n 1 9 8 1 ; an e x c e s s o f 2.67. a t o n l y t h e 1.5 s t a n d a r d 
d e v i a t i o n l e v e l . H o w e v e r , t a k i n g t h e l o w e n e r g y c h a n n e l ( i n 1982 
r e d e f i n e d as t h o s e s h o w e r s t r i g g e r i n g t e l e s c o p e s 2 o r 3 ) , t h e 
e f f e c t i s l a r g e r , as d e t a i l e d i n T a b l e 6.4 and F i g u r e 6.4. A t 
p h a s e 0.625 an e x c e s s o f 6.87. i s o b s e r v e d a t t h e 2.7 s t a n d a r d 
d e v i a t i o n l e v e l , c o r r e s p o n d i n g t o an i n t e g r a l p e a k f l u x o f a b o u t 
6.8 10- l'° c m " 2 s - 1 f o r E > 1000 SeV. 
T a k i n g t h e 1 9 8 1 a n d 1982 d a t a t o g e t h e r and c o n s i d e r i n g j u s t t h e 
l o w e n e r g y c h a n n e l we f i n d an e x c e s s o f 8.8% o f t h e c o s m i c r a y 
b a c k g r o u n d a t t h e 4.1 s t a n d a r d d e v i a t i o n l e v e l ( 3 6 8 6 c o u n t s ON and 
6 7 7 4 c o u n t s O F F ) , c o r r e s p o n d i n g t o an i n t e g r a l p e a k f l u x o f a b o u t 
( 8 . 7 6 + 2 . 1 3 ) . 1 0 - t o c m " 2 s " 1 a t E > 1000 SeV. As i s shown i n 
F i g u r e 6.5 no s i g n i f i c a n t e x c e s s i s s e e n a t a n y o t h e r p h a s e . 
A s s u m i n g t h e O N - t i m e t o be t h e 10 m i n u t e s a b o u t p h a s e 0.625 we 
t h e r e f o r e d e d u c e t h e a v e r a g e f l u x f r o m C y g n u s X-3, o v e r t h e w h o l e 
o f t h e 4.8 h o u r c y c l e , t o be ( 3 . 0 1 0 . 7 6 ) 1 0 - 1 1 c m - 2 s _ l . T a k i n g 
t h e o b j e c t t o be a t a d i s t a n c e o f 10 K p c , t h i s i m p l i e s an a v e r a g e 
p o w e r o u t p u t o f a b o u t 3.5 1 0 3 4 e r g s s ~ l a b o v e 1000 GeV, a s s u m i n g a 
d i f f e r e n t i a l gamma r a y s p e c t r a l s l o p e o f - 2 . 2 . 
The a v e r a g e f l u x s e e n i n t h e l o w e n e r g y c h a n n e l a t a r o u n d p h a s e 
0 . 6 2 5 / 0 . 6 5 5 , a n d t h e f l u x a v e r a g e d o v e r t h e w h o l e o f t h e 4.8 h o u r 
c y c l e a r e s h o w n i n F i g u r e 6.6, w h i c h c o m p a r e s o u r r e s u l t s w i t h 
t h o s e a t o t h e r w a v e l e n g t h s . F u r t h e r d i s c u s s i o n o f t h i s f i g u r e 
w i l l be g i v e n i n C h a p t e r 7. 
6.2c The T i m e - S t r u c t u r e o f t h e E m i s s i o n a t P h a s e 0.625 
A p r o b l e m c o n n e c t e d w i t h t h e s i m p l e ' t o p - h a t ' t y p e t r e a t m e n t o f 
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P h a s e B D A S S* S-
0.0 1294 1 3 6 1 1316 5 6 . 0 4 5 . 0 44.7 
0.125 1789 1 6 6 1 1505 14.0 4 9 . 8 49.7 
0.25 1 1 9 1 1073 1 0 3 2 - 3 8 . 5 4 0 . 6 40.3 
0.375 3 2 1 307 2 8 6 3.5 2 1 . 6 21.3 
0,5 589 6 1 0 587 2 2 . 0 3 0 . 2 2 9 . 9 
0.625 2 5 0 2 2 6 0 7 . 2 3 7 9 166.5 6 1 . 9 61.4 
0.75 2 6 5 3 2 6 2 6 2 6 4 0 - 2 0 . 5 6 3 . 0 6 2 . 5 
0.S75 2 3 1 2 2 3 0 2 2 2 0 3 4 4 . 5 5 8 . 6 5 8 . 2 
T a b l e 6.4 
The n u m b e r o f C e r e n k o v e v e n t s r e c o r d e d on t h e l o w e n e r g y 
c h a n n e l i n 1982 b e f o r e , d u r i n g a n d a f t e r t h e t r a n s i t o f C y g n u s 
X-3 a t e a c h p h a s e o f t h e 4.8 h o u r c y c l e . A l s o shown a r e t h e 
e x c e s s n u m b e r o f e v e n t s w i t h t h e a s s o c i a t e d p o s i t i v e 
a n d n e g a t i v e u n c e r t a i n t i e s 
F i g u r e 6.4 
The X e x c e s s o f C e r e n k o v e v e n t s r e c o r d e d i n 
t h e l o w e n e r g y c h a n n e l f r o m C y g n u s X-3 i n 1 9 8 2 
a t v a r i o u s p h a s e s o f t h e 4.8 h o u r c y c l e 
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The o v e r a l l f. e x c e s s o f C e r e n k o v e v e n t s r e c o r d e d 
i n t h e l o w e n e r g y c h a n n e l f r o m C y g n u s X-3 
a t v a r i o u s p h a s e s o f t h e 4.8 h o u r c y c l e 
ZD O 
a: o 
o < 
CD 
of 
a 
LL 
o 
to 
CO LU O X LU 0-25 0-50 0-75 
X-RAY PHASE 
i 
! I 
F i g u r e 6.6 
The e n e r g y s p e c t r u m o f C y g n u s X-3 o v e r t h e r a n g e 
1 0 s - 1 0 i a eV 
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t h e C y g n u s X-3 1982 t r a c k i n g d a t a i s ' t h a t i t n e c e s s a r i l y a s s u m e s 
t h e e m i s s i o n t o h a v e a d u r a t i o n o f 10 m i n u t e s and t o be c e n t r e d 
p r e c i s e l y a t p h a s e 0 . 6 2 5 . I f t h e e m i s s i o n o c c u r s o v e r a p e r i o d 
n o t e q u a l t o 10 m i n u t e s , o r i s n o t c e n t r e d on t h e a ssumed p h a s e t h e 
f l u x v a l u e d e d u c e d by t h e m e t h o d w i l l be i n c o r r e c t . We t h e r e f o r e 
d e c i d e d t o e x a m i n e t h e 1982 t r a c k i n g d a t a ( i n w h i c h C y g n u s X-3 had 
b e e n k e p t i n t h e c e n t r e o f t h e f i e l d o f v i e w a t a l l t i m e s ) t o 
i n v e s t i g a t e a n y s t r u c t u r e i n t h e e m i s s i o n a t p h a s e 0.625. 
Summing t h e d a t a f r o m t h e 5 n i g h t s w h i c h i n d i v i d u a l l y s howed a 
g r e a t e r t h a n 2QY. e x c e s s on t h e l o w e n e r g y c h a n n e l , we o b t a i n t h e 
c o u n t r a t e p r o f i l e s e e n i n F i g u r e 6.7 f o r t h e 30 m i n u t e s a b o u t 
p h a s e 0 . 6 2 5 . The i n d i c a t i o n i s t h a t t h e e m i s s i o n d o e s o c c u r 
r o u g h l y w i t h i n t h e 10 m i n u t e w i n d o w a b o u t p h a s e 0.625 b u t t h a t 
i n d i v i d u a l o u t b u r s t s t e n d t o show s t r u c t u r e on a t i m e s c a l e o f o n l y 
a f e w m i n u t e s . A t t i m e s o f s u c h i n t e n s e a c t i v i t y t h e gamma r a y 
f l u x c a n a m o u n t t o a l m o s t 507. o f t h e c o s m i c r a y b a c k g r o u n d on t h e 
l o w e n e r g y c h a n n e l , c o r r e s p o n d i n g t o an i n t e g r a l p e a k f l u x o f 
a b o u t 5.6 1 0 - ' c m " 2 s " 1 a t E > 1000 GeV. 
6.2d The 3 4 . 1 Day P e r i o d i c i t y 
D u r i n g t h e 1 9 8 1 / 1 9 8 2 s e a s o n s o f o b s e r v a t i o n o f C y g n u s X-3 a 
t o t a l o f 28 a c c e p t a b l e p a s s e s a t p h a s e 0 . 6 2 5 / 0 . 6 5 5 w e r e made w i t h a 
l o w e n e r g y t h r e s h o l d t e l e s c o p e o p e r a t i n g . S i n c e an o v e r a l l e x c e s s 
o f 8.87. e x i s t s a t t h i s p h a s e i t i s o f i n t e r e s t t o e x a m i n e t h e 
i n d i v i d u a l e x c e s s e s f o r e v i d e n c e o f a n y l o n g e r t e r m v a r i a b i l i t y o f 
t h e o b j e c t . 
The m o s t r e c e n t p e r i o d s u g g e s t e d f o r t h e l o n g t e r m X - r a y 
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F i g u r e 6.7 
The c o m b i n e d c o u n t r a t e p r o f i l e o f t h e 5 1 9 8 2 
t r a c k i n g mode o b s e r v a t i o n s o f C y g n u s X-3 s h o w i n g 
g r e a t e r t h a n 207. e x c e s s a t p h a s e 0.625 o f t h e 
4.8 h o u r c y c l e 
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v a r i a b i l i t y o f C y g n u s X-3 i s 3 4 . 1 d a y s ( M o l t e n i e t a l . , 1 9 8 0 ) . 
D e f i n i n g z e r o p h a s e t o be t h e 3 4 . 1 d a y X - r a y m i n i m u m ( a s d e d u c e d 
f r o m t h e i n f o r m a t i o n g i v e n by M o l t e n i ) , we h a v e t h e r e f o r e a s s i g n e d 
e a c h i n d i v i d u a l s c a n an a p p r o x i m a t e * 3 4 . 1 d a y p h a s e $3«, as i s 
shown i n T a b l e 6.5. P l o t t i n g a s c a n ' s o b s e r v e d e x c e s s a g a i n s t i t s 
3 4 . 1 d a y p h a s e r e s u l t s i n F i g u r e 6.8 w h i c h s u g g e s t s t h a t t h e 8.87. 
o v e r a l l e m i s s i o n may n o t o c c u r c o n t i n u o u s l y . 
The X - r a y maximum s h o w n i n F i g u r e 6.8 h a s be e n c a r r i e d f o r w a r d 
f r o m t h a t g i v e n b y M o l t e n i f o r 1978 and i s u n c e r t a i n b y a b o u t + 
0.16 i n p h a s e b e c a u s e o f t h e q u o t e d u n c e r t a i n t i e s i n t h e e x a c t 
p e r i o d a n d a b s o l u t e p h a s e o f t h e c y c l e . 
I n c o n t r a s t a b e s t - f i t s i n e wave f i t t e d t o t h e gamma r a y d a t a : 
e x c e s s ( X ) = l l . s i n t f e * - 0 , 8 9 ) + 11 
s u g g e s t s t h a t t h e gamma r a y maximum o c c u r s a t a b o u t p h a s e 0 .14, 
and t h u s t h a t i f t h e X - r a y and gamma r a y c y c l e s a r e t o c o i n c i d e a 
p h a s e s l i p p a g e f r o m M o l t e n i ' s e p h e m e r i s o f a t l e a s t 0.36 mu s t h a v e 
o c c u r r e d s i n c e t h e t i m e o f t h e X - r a y o b s e r v a t i o n s . Such a 
s l i p p a g e i s c o n s i s t e n t w i t h t h e t r u e p e r i o d o f t h e m o d u l a t i o n b e i n g 
a b o u t 3 3 . 8 + _ 0 . 1 d a y s , w h i c h d o e s n o t c o n f l i c t w i t h M o l t e n i ' s X - r a y 
d a t a r e c o r d e d i n 1 9 7 7 - 1 9 7 8 . The mean f l u x o f 1 1 % i n d i c a t e d by t h e 
f i t , when c o m p a r e d t o t h e o b s e r v e d mean o f 8.8%, s u g g e s t s t h a t on 
t h e w h o l e o u r o b s e r v a t i o n s w e r e made a t s l i g h t l y u n f a v o u r a b l e 34 
d a y p h a s e s . I t i s a l s o s u g g e s t e d t h a t a t t i m e s t h e pe a k 0.625 
p h a s e o u t p u t f r o m C y g n u s X-3 may f a l l t o z e r o . 
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D a t e J u l . D a t e X E x c e s s $34 
Aug 4 1 9 8 1 2 4 4 4 8 2 1 2 2 . 1 + 11.5 0.855 
27 4 8 4 4 0.8 + 10.6 0.529 
3 1 4 8 4 8 14.2 + 8.3 0.647 
Sep 1 4 8 4 9 5.7 + 1 3 . 1 0.676 
2 4 8 5 0 14.3 + 12.5 0.705 
25 4 8 7 3 4 0 . 9 + 2 0 . 5 0.380 
26 4 8 7 4 5.7 + 18.6 0.409 
27 4 8 7 5 16.2 2 0 . 8 0.438 
O c t 2 1 4 8 9 9 17.0 + 11.0 0.142 
J u l 14 1 9 8 2 5 1 6 5 3 5 . 1 + 2 0 . 1 0.943 
16 5 1 6 7 1 2 . 1 + 18.2 0 . 0 0 1 
17 5 1 6 8 6.5 + 19.7 0 . 0 3 1 
18 5 1 6 9 3 0 . 0 + 19.4 0.060 
20 5 1 7 1 - 8.2 + 21.7 0.119 
Aug 16 5 1 9 8 2 0 . 1 + 9.6 0 . 9 1 1 
24 5 2 0 6 3 0 . 1 + 16.8 0.145 
25 5 2 0 7 3.5 + 16.2 0.174 
O c t 8 5 2 5 1 13.5 + 9.8 0.464 
9 5 2 5 2 6.7 + 9.5 0.494 
10 5 2 5 3 7.7 + 12.4 0.523 
14 5 2 5 7 9.0 + 10.0 0 . 6 4 1 
20 5 2 6 3 7.7 + 10.3 0.817 
20 5 2 6 3 2 0 . 0 + 18.3 0.817 
2 1 5 2 6 4 0.4 + 10.6 0.846 
Nov 13 5 2 8 7 9.9 + 7.9 0 . 5 2 1 
14 5 2 8 8 1.5 + 7.9 0.550 
16 5 2 9 0 - 2 . 1 + 7.2 0.609 
19 5 2 9 3 0.1 + 6.5 0.696 
T a b l e 6.5 
The 3 4 . 1 d a y p h a s e a s c r i b e d t o e a c h 0 . 6 2 5 / 0 . 6 5 5 
s c a n o f C y g n u s X-3 
F i g u r e 6.8 
The X e x c e s s e s i n t h e 28 a c c e p t a b l e s c a n s o f 
C y g n u s X-3 a t p h a s e 0.625 ( f o r w h i c h t h e l o w 
e n e r g y c h a n n e l was i n o p e r a t i o n ) , f o l d e d w i t h 
t h e 3 4 . 1 d a y p e r i o d s u g g e s t e d b y M o l t e n i 
e t a l . ( 1 9 8 0 ) . 
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6.2e The Spec t ra l Slope between 1000 and 3000 GeV 
Consider the f o l l o w i n g independent ON/OFF r a t i o s f o r the sum of 
a l l 28 acceptable scans made on Cygnus X-3 at phase 0.625/0.655 : 
ON/OFF r a t i o (low energy channel) = 1.088 + 0 . 0 2 2 
ON/OFF r a t i o < a l l other events ) = 0.988 + 0 . 0 2 1 
C l e a r l y , the 4 standard d e v i a t i o n p o s i t i v e excess seen i n the 
low energy channel does not reproduce at the higher energies . At 
f i r s t s i g h t t h i s would appear to i n d i c a t e tha t the gamma ray 
spectrum f rom Cygnus X-3 at around 1000 SeV i s much steeper than 
the spectrum of the cosmic ray pro ton background - which would not 
seem to be cons i s t en t w i t h the recent claims of a p o s i t i v e 
d e t e c t i o n of Cygnus X-3 at 1 0 1 S eV (Samorski and Stamm, 1983, and 
Lloyd-Evans et a l . , 1983) unless a dip e x i s t s i n the spectrum j u s t 
above 1 0 1 2 eV. An a l t e r n a t i v e exp lana t ion i s connected w i t h the 
v a r i a t i o n of the f i e l d of view of the array w i t h the number of 
te lescopes t r i g g e r e d by a shower. I t i s i n d i c a t e d from computer 
s i m u l a t i o n s of the response of the array (Macrae, p r i v a t e 
communication) t ha t the aper ture f u n c t i o n of the array i s 
s i g n i f i c a n t l y narrower f o r 2- te lescope i n i t i a t i n g showers than f o r 
those t r i g g e r i n g only 1 t e lescope . While t h i s e f f e c t makes 2 - f o l d 
responses more i n t e r e s t i n g f o r observa t ions i n the t r a c k i n g mode 
(see, f o r example, the Crab Pulsar r e s u l t s ) , i t has the opposi te 
e f f e c t f o r obse rva t ions i n the d r i f t scan mode, s ince the ob jec t 
spends p r o p o r t i o n a l l y less of the t o t a l d r i f t scan time i n the 
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f i e l d of v iew. As a r e s u l t the ON/OFF r a t i o (where 'ON' 
corresponds to a 10 minute i n t e r v a l ) i s g r e a t l y reduced. However, 
s ince much of the Cygnus X-3 data was taken i n the t r a c k i n g mode i t 
i s not c l ea r t o what ex tent t h i s provides an exp lana t ion of the 
e f f e c t . 
6 .2 f A Note on the D i f f u s e Ga lac t i c Gamma Radia t ion 
Resul ts obta ined at Dugway i n 1983 from d r i f t scan observat ions 
of the g a l a c t i c p lane , made at the l ong i tude of Cygnus X-3, 
suggested the presence of d i f f u s e g a l a c t i c gamma r a d i a t i o n at E > 
1000 GeV w i t h a peak s t r e n g t h , above the general background, of 
about 5X (Dowthwaite et a l . , 1985). In a d d i t i o n , the p rev ious ly 
r epor t ed ' h o l e ' f rom the d i r e c t i o n of Cygnus X-3 (see, f o r example, 
Weekes et a l . , 1979, or Fomin et a l . , 1977) at 4.8 hour phases 
other than 0.625 was e v i d e n t . Although the d e t a i l s of these 
r e s u l t s w i l l be r epor t ed elswhere (Walmsley, Ph.d. t h e s i s , i n 
p r e p a r a t i o n ) i t became apparent t ha t they may have i m p l i c a t i o n s f o r 
the i n t e r p r e t a t i o n of the 1981 Cygnus X-3 d r i f t scan data , which 
p r e c i s e l y covered the reg ion of the sky con ta in ing the ho le . 
In f a c t , i f a l l the acceptable 1981 d r i f t scans of Cygnus X-3 
(exc lud ing phases 0.625 and 0.125) are summed, the low energy 
channel shows a maximum l i k e l i h o o d d e f i c i t of events of 2.0% +_ 
1.67.. While not i n i t s e l f s i g n i f i c a n t , t h i s e f f e c t c o r r e l a t e s wel l 
w i t h the 1983 r e s u l t s , and suggests several t h i n g s : 
(1) The general t r end f o r p o i n t s other than at phases 0.125 and 
0.625/0.655 i n F igure 6.2 t o show s l i g h t l y negat ive excesses was 
not c o i n c i d e n t a l . 
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(2) The peak 0.625 phase f l u x from Cygnus X-3 repor ted here may 
be s l i g h t l y underes t imated , and the s i g n i f i c a n c e l e v e l of the 1981 
r e s u l t may be grea ter than the 3.3 standard d e v i a t i o n value quoted. 
(3) The e f f e c t at phase 0.125/0.155 i n Figure 6.2 may be 
s i g n i f i c a n t at about the two standard d e v i a t i o n l e v e l . 
6.2g Trans i en t Burs ts of emission f rom Cyqnus X-3 
Several groups have repor ted i n c i d e n t s of sporadic burs t s of VHE 
gamma ray emission f rom Cygnus X-3 occur ing u s u a l l y at apparent ly 
random 4.8 hour phases and l a s t i n g f o r perhaps only a few minutes 
(see, f o r example, Weekes, 1982, or Neshpor et a l . , 1975). We have 
found severa l occurrences of s i m i l a r e f f e c t s i n which the o v e r a l l 
count r a t e increases by perhaps 25X, though a l l occurred dur ing 
the 1981 t r a c k i n g mode observa t ions f o r which the AGC system had 
not been employed. T h i s , combined w i t h the f a c t t ha t the e f f e c t 
o f t e n showed up on only one telescope caused us to have severe 
doubts about t h e i r o r i g i n and to surmise t ha t they were poss ib ly 
caused by r a p i d changes i n the sky br igh tness (such as wi th a 
l i g h t n i n g s t r i k e ) and/or e l e c t r i c a l pickup i n the equipment. 
6.2h Search f o r P e r i o d i c i t y i n the Cygnus X-3 Data 
A search f o r p e r i o d i c i t y , using the Rayleigh t e s t described i n 
Sect ion 5 . 3 f , has been conducted on the low energy channel events 
of the 10 minute ON-times of the 4 scans showing the s t rongest 
excesses at 4.8 hour phases 0.625 and 0.655. The t e s t was made at 
each of the 6 10 s independent t r i a l per iods between 1ms and 10s, 
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and thus a l a r g e number of degrees of freedom were expended. 
Since t y p i c a l samples contained only about 100 events, w i th 
perhaps 20'/. p o s s i b l y being pulsed gamma rays , any rea l p e r i o d i c i t y 
could only show up at around the 1 0 - 3 l e v e l which, cons ider ing the 
number of t r i a l s , could not be considered s t a t i s t i c a l l y 
s i g n i f i c a n t . 
As y e t , no conc lus ive evidence has been found to suggest t ha t 
any p a r t i c u l a r pe r iod i n ' the range s p e c i f i e d has been repeatedly 
o c c u r r i n g at s i g n i f i c a n t p r o b a b i l i t y l e v e l s more o f t e n than would 
be expected. A f u l l summary of t h i s ana lys i s w i l l be repor ted 
separa te ly (Dowthwaite, Ph.D. t h e s i s , i n p r e p a r a t i o n ) . 
S.3 The Crab Pu lsa r , PSR 0531+21 
6.3a The Search f o r Continuous Pulsed Emmision 
Using the Crab Pulsar ephemeris f o r 1982 obtained from 
contemporary r a d i o measurements at J o d r e l l Bank (Lyne, p r i v a t e 
communicat ion) , i t was poss ib l e to assign an absolute phase to each 
event recorded by the ar ray dur ing the year . This was not poss ib le 
f o r the data taken i n 1981 s ince the ephemeris could not be 
extended back w i t h s u f f i c i e n t accuracy. 
As was discussed i n Sect ion 4 .2b , the data taken i n October 1982 
was not found to be acceptable f o r ana lys i s as the array had not 
been c o r r e c t l y t r a c k i n g the o b j e c t . In a d d i t i o n , the data taken in 
August and September 1982 was not able to be p rope r ly t ransformed 
to Coordinated Universa l Time <UTC) as the c lock s l ippage r a t e had 
not been constant dur ing t h i s pe r iod - so t h i s data was also 
81 
r e j e c t e d f o r t h i s a n a l y s i s . 
A f t e r these s t r i n g e n t but necessary requirements had been met we 
were l e f t w i t h the month of November 1982 which contained 104994 
events i n about 70 hours of data , and c o n s t i t u t e d the m a j o r i t y of 
the data taken i n the year . These observat ions consis ted of 9 
n i g h t s , each of about 7 hours d u r a t i o n , over a 10 day per iod dur ing 
which t ime the c lock had not been r e - i n i t i a l i s e d . This i s 
impor tan t as i t r u l e s out any u n c e r t a i n t y i n the r e l a t i v e times of 
a r r i v a l of events i n the data sample due to changes tha t may occur 
i n the propagat ion delay of the WWV synchron i sa t ion s i g n a l . This 
data was analysed using an epoch f o l d i n g technique , as discussed 
i n Sect ion 5 . 3 f , t o produce the l i g h t curve shown i n Figure 6.9a, 
on which i s marked the p r e d i c t e d p o s i t i o n of the centre of the 
r a d i o main and i n t e r - p u l s e s . For comparison, the average l i g h t 
curve over the per iod 1975-1980 f o r 50-3000 MeV gamma rays 
according t o the C0S-B experiment i s shown i n Figure 6.9b ( M i l l s et 
a l . , 1982). From the r e s u l t s at 50 MeV there appear to be 3 
reg ions of the l i g h t curve i n which VHE gamma ray emission may 
p o s s i b l y be observed : 
(1) The 'ma in ' pulse l y i n g i n the phase range 0.98 - 0.02. 
(2) The ' i n t e r p u l s e ' l y i n g i n the phase range 0.34 - 0 .46. 
(3) The ' b r i d g i n g ' r eg ion f a l l i n g , between the main and i n t e r p u l s e s 
and cover ing the phase range 0.10 - 0 .30. 
The numbers of events f a l l i n g i n the above regions may be 
s t a t i s t i c a l l y compared (using the Maximum L i k e l i h o o d t e s t described 
i n Sect ion 5.2a) w i t h the expected number, as der ived from the 
phase range 0.50 - 0.94 f o r which no evidence of pulsed emission 
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Figure 6.9 
The l i g h t curve of the Crab Pulsar 
(a) As seen i n t h i s experiment at E > 1300 GeV 
<b) As seen at 50-3000 MeV by the COS-B 
experiment ( W i l l s et a l . , 1982) 
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was found at 50 MeV, The r e s u l t s of t h i s comparison are given i n 
Table 6 .6 . 
I t can be seen t h a t an excess of events e x i s t s at the p o s i t i o n 
of the r a d i o main pulse (number of events i n main pulse b in 4402, 
expected number 4178.5 +_68 .8) , having a s t r eng th of about 0.213 + 
0.066 % of the background l e v e l due to cosmic ray pro tons . The 
e f f e c t has a conse rva t ive p r o b a b i l i t y of chance occurrence of about 
6 10"*, and c o n s t i t u t e s an i n t e g r a l pulsed f l u x of about ( i . 3 + _ 
0 . 4 ) 1 0 - 1 1 ' cm" 2 s" 1 at E > 1300 SeV. 
P o s i t i v e excesses are a lso seen i n both the i n t e r p u l s e and 
b r i d g i n g reg ions of the l i g h t curve , though ne i the r can be 
considered t o be s t a t i s t i c a l l y s i g n i f i c a n t . C e r t a i n l y there i s no 
s t rong evidence f o r the ex is tence of a narrow i n t e r p u l s e at the 
expected p o s i t i o n . The r a t i o of the apparent pulsed content i n the 
i n t e r p u l s e to t h a t i n the main pulse i s 0.73 +_ 0 . 6 1 , which i s 
c o n s i s t e n t w i t h the values of about 0.4 seen by the COS-B group at 
50 MeV energies since about 1977 ( W i l l s et a l . , 1982). 
I t i s of i n t e r e s t t o examine the contents of the main pulse i n 
F igure 6.9a f o r evidence of s t r u c t u r e on a t ime scale shor ter than 
the b in wid th (about 1.33 ms). Two f u r t h e r l i g h t curves were 
t h e r e f o r e formed having 100 and 250 bins - corresponding to b in 
widths of 0.33 and 0.13 ms r e s p e c t i v e l y . These are shown i n 
Figures 6.10b and 6.10c f o r the phase range 0.9 - 0 . 1 , w i th Figure 
6.10a being the corresponding sec t ion of the 25 b in l i g h t curve. 
I t appears t h a t the m a j o r i t y of the excess events contained i n the 
main pulse of Figure 6.9a occur i n the r e l a t i v e l y narrow phase 
range between 0.98 - 0 .992, which i s s l i g h t l y before the expected 
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Region Phase Range No.Events Excess ExcessU) 
Background 
Main Pulse 
I n t e r p u l s e 
Bridge 
0 .50-0.94 
0 .98-0 .02 
0 .34-0.46 
0 .10-0 .30 
45964 
4402 
12698 
20943 
2 2 3 . 5 + 6 8 . 8 0.213+0.066 
162.4+126.7 0.155+0.121 
50.3+174.3 0.048+0.166 
Table 6.6 
A s t a t i s t i c a l comparison of the number of Cerenkov events 
f a l l i n g i n va r ious rejgions of the Crab Pulsar l i g h t curve 
(ob ta ined f rom observa t ions i n November 1982) 
Figure 6.10 
The l i g h t curve of the Crab Pulsar at 
E > 1300 6eV between phases 0.9 - 0 .1 
(a) b i n wid th 1.33 ins 
(b) b i n wid th 0.33 ois 
(c) b i n wid th 0.13 ms 
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r a d i o main pulse p o s i t i o n . Since the absolute t i m i n g u n c e r t a i n t y 
i n the experiment was about +_ 0.5 ras ( inheren t i n a l l o f f - a i r 
t i m i n g systems) no s i g n i f i c a n c e can be drawn from t h i s discrepency. 
The wid th of the main pulse i n F igure 6.10c i s about 0.4 ms, which 
i s s i g n f i c a n t l y narrower than t ha t seen at 50-3000 KeV. 
Fur thermore , the est imated n o n - l i n e a r i t y of the oven-con t ro l l ed 
c r y s t a l upon which the t i m i n g was based (about 5 1 0 ~ 1 0 s s - 1 over 
the 10 days of the obse rva t ion) could have the e f f e c t of smearing 
out a main pulse of even shor te r d u r a t i o n to one having the 
d u r a t i o n observed. Thus a main pulse of du ra t i on < 0.4 ms i s not 
r u l e d ou t . 
I f t h i s narrowing of the main pulse emission i s confirmed i t 
would appear to support the suggest ion (fUBreen et a l . , 1973) tha t 
a sys temat ic r e d u c t i o n i n the d u r a t i o n of the pulse occurs over the 
4 decades of energy between 100 MeV and 1000 GeV. 
I t i s of i n t e r e s t t o i n v e s t i g a t e the i n d i v i d u a l l i g h t curves 
formed from the data taken on each of the n i g h t s f o r evidence of 
any v a r i a t i o n i n s t r eng th of the main pulse e f f e c t . The 
independent values f o r the excess at the main pulse (de f ined as the 
phase range 0 .98-0 .02) f rom each dataset are t h e r e f o r e shown in 
Figure 6 . 1 1 , i n which i t i s noted t ha t a p o s i t i v e (but not 
n e c e s s a r i l y s i g n i f i c a n t ) e f f e c t occurs on every n igh t but one, 
r u l i n g out the p o s s i b i l i t y t ha t the whole of the e f f e c t a r i s e s , f o r 
example, f rom a s i n g l e n i g h t ' s obse rva t i on . 
I t has a l r e a d l y been noted t h a t the aper ture f u n c t i o n of the 
a r ray appears to be narrower f o r those events i n i t i a t i n g 
two- te lescope responses than f o r those t r i g g e r i n g only one 
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Figure 6.11 
The 7. excess seen i n the main pulse b i n of the 
Crab Pulsar on i n d i v i d u a l n i g h t s i n November 1982 
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t e lescope . We t h e r e f o r e expect t ha t the t w o f o l d responses w i l l be 
p r o p o r t i o n a l l y r i c h e r i n on-ax is gamma ray candidates and w i l l 
con ta in less o f f - a x i s background. To t e s t t h i s suppos i t ion we 
t h e r e f o r e formed the 2 independent l i g h t curves , shown in Figures 
6.12a and 6.12b, c o n s i s t i n g of one and t w o f o l d events r e s p e c t i v e l y . 
The percentage pulsed component i n the main pu l se , whi le evident i n 
both da tase t s , i s seen to be a f a c t o r of 1.7 +_ 1.0 higher i n the 
data of F igure 6.12b than f o r those of Figure 6.12a. This 
i n d i c a t e s t h a t the excess events have ar i sen p r e f e r e n t i a l l y from 
near the cen t re of the f i e l d of view, and thus f rom the d i r e c t i o n 
of the p u l s a r . In connect ion w i t h t h i s an ana lys i s of the deduced 
a r r i v a l d i r e c t i o n s of the 2 and 3-telescope i n i t i a t i n g showers 
f a l l i n g i n the main pulse b in has been made and w i l l be repor ted 
sepera te ly (Walmsley, Ph.D. t h e s i s , i n p r e p a r a t i o n ) . 
Consider ing the source to emit i s o t r o p i c a l l y i t can be shown, 
using the equat ions given i n Sect ion 5 .5 , t ha t the time-averaged 
l u m i n o s i t y o c c u r r i n g i n the main pulse above 1300 GeV i s (.4.7 + 
1.5) 1 0 3 4 ergs s - 1 , assuming a d is tance to the ' source of 2 Kpc and 
an i n t e g r a l s p e c t r a l slope of - 1 . 4 . The spectrum of PSR 0531 in 
the range 1 - 10* GeV, shown i n Figure 6 .13, w i l l be described 
f u r t h e r i n Sec t ion 6 .3d . 
6.3b The Search f o r Trans ien t Pulsed emission 
In a d d i t i o n to the search f o r cont inous p e r i o d i c pulsed emission 
f rom the Crab Pulsar the data taken i n 1981 and August, September 
and November 1982 were analysed f o r evidence of any t r a n s i e n t 
pulsed phenonema. Each n i g h t ' s data was a r b i t r a r i l y s p l i t i n t o 
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Figure 6.12 
The l i g h t curve of the Crab Pulsar seen i n 
the present experiment 
(a) s i n g l e te lescope responses 
(b) double te lescope responses 
3250 
3200 
3150-
§J 3100 
Q_ 
CO 
I — 
§ 3050 
o 
o 
u. 
K 3 0 0 0 
m 720 
680-
LP 
6A0 
"ZIT 
(A ) 
(B) 
600 
•8 0 -2 
PHASE 
Figure 6.13 
The spectrum of pulsed emission f rom the 
Crab Pulsar over the range 1 - 10* 6eV 
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independent data sec t ions c o n t a i n i n g 200 events; t h i s being a 
reasonable number r e q u i r e d to detect a pulsed component of about 
157. at about the 151 chance p r o b a b i l i t y l e v e l . The data sect ions 
were then unfo lded separa te ly w i t h the appropr i a t e barycentre 
pe r iod and t e s t ed f o r evidence of n o n - u n i f o r m i t y i n phase using the 
Rayleigh Test discussed i n Sect ion S .3f . 
We found one example of a data sec t ion having a s i g n i f i c a n t l y 
low chance p r o b a b i l i t y of < 10~ 4 , which occurred on October 23 1981 
at 092O (JT. To determine the exact p o s i t i o n and du ra t i on of t h i s 
apparent bu r s t of p e r i o d i c emission 2 f u r t h e r steps were taken: 
(1) The number of events i n a data sec t ion was re laxed i n steps 
of 20, both downwards to 100 and upwards to 300. 
(2) The data s ec t ion was s l i d through each n igh t i n increments 
of 10X. 
I t was found t ha t the burs t on October 23 gave the lowest chance 
p r o b a b i l i t y value when a s ec t i on of 160 events was used, t h i s 
corresponding t o a t ime d u r a t i o n of about 15 minutes . Figure 6.14 
shows the p r o b a b i l i t y of lack of p e r i o d i c i t y (assuming only 1 
degree of freedom) i n non-independent 160 event data sec t ions on 
t h i s n i g h t . I t can be seen t ha t i n a 15 minute sample near the 
end of the n i g h t 347. +_ 57. of the events were pulsed at the Crab 
Pulsar p e r i o d , g i v i n g r i s e to a p r o b a b i l i t y of lack of p e r i o d i c i t y 
f o r the sample of about 9 10"*. 
An upper l i m i t to the number of degrees of freedom expended i n 
the search i s given by the t o t a l number of non-independent data 
sec t ions t e s t ed i n the course of the a n a l y s i s . The number of 
independent data sec t ions was about 700; i f we increase t h i s by a 
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Figure 6.14 
The p r o b a b i l i t y of lack of p e r i o d i c i t y 
e x i s t i n g i n non-independent 160 event data 
s ec t i ons f rom the Crab Pulsar on October 23 1981 
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f a c t o r of 10 f o r using 10 d i f f e r e n t widths of data s e c t i o n , and a 
f u r t h e r f a c t o r of 10 f o r s l i d i n g the data sec t ions i n increments of 
10?., the maximum poss ib le number of degrees of freedom becomes 7 
10*. Thus, a conse rva t ive es t imate of the o v e r a l l chance 
p r o b a b i l i t y of f i n d i n g such a h i g h l y p e r i o d i c data sec t ion i s about 
6 1 0 - 4 . 
Other examples of t r a n s i e n t e f f e c t s showing s i m i l a r p r o p e r t i e s 
to the October 23 1981 event were found throughout the whole of 
1981 and 1982 da ta , though when the degrees of freedom were taken 
i n t o account none were found to have a s i g n i f i c a n t l y small chance 
p r o b a b i l i t y of occurrence. I t i s p o s s i b l e , however, t ha t the 
s t rong t r a n s i e n t r epor ted here was not an i s o l a t e d occurrence but 
an unusua l ly s t rong example of an event normal ly below the 
d e t e c t i o n t h r e s h o l d of the equipment. 
Let us now examine the p r o p e r t i e s of the October 23 1981 burs t 
i n more d e t a i l . 
6.3c D e t a i l e d Ana lys i s of the Trans ient Event 
The l i g h t curve f o r the events occur ing dur ing the burst p e r i o d , 
i l l u s t r a t e d i n Figure 6 .15 , showed a s i n g l e pulse of FWHM 6ms, 
r i s i n g to a maximum over a pe r iod of about 10 ms, and f a l l i n g to 
zero again w i t h i n about 3 ms. 
Figures 6.16a and 6.16b show the two independent l i g h t curves 
der ived f rom I - f o l d and I I - f o l d i n i t i a t i n g showers r e s p e c t i v e l y 
o c c u r r i n g i n the burs t i n t e r v a l . I t i s seen t ha t the p e r i o d i c 
events showed the same c h a r a c t e r i s t i c increase i n the p r o p o r t i o n of 
1 1 - f o l d responses as was observed w i t h the continuous main pulse 
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Figure 6.15 
The l i g h t curve of a l l events recorded by the 
a r ray dur ing the p e r i o d i c o u t b u r s t of 
October 23 1981 
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Figure 6.16 
The l i g h t curve of events recorded d u r i n g 
the p e r i o d i c o u t b u r s t of October 23 1981 f o r 
(a) s i n g l e te lescope responses 
(b) double te lescope responses 
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emiss ion; a pulsed component of about 33?. f o r I - f o l d s and about 447. 
f o r I I - f o l d s . Once aga in , t h i s i s seen as evidence f o r the 
p e r i o d i c events, a r i s i n g p r e f e r e n t i a l l y from the source d i r e c t i o n . 
As has been poin ted out e a r l i e r , absolute phase was not 
a v a i l a b l e f o r the measurements made i n 1981; we could not t h e r e f o r e 
r e l a t e the phase of the bur s i w i t h t ha t of the sharp peak 
c h a r a c t e r i s t i c of the cont inuous emmision. 
The presence of a 347. pulsed f l u x would be expected to show up 
on the o v e r a l l count r a t e , the lack of AGC n o t w i t h s t a n d i n g . In 
f a c t , the t o t a l number of showers recorded dur ing the burs t i s 
h ighe r , by about 187. +_ 7X, than the number p red i c t ed from s i m i l a r 
per iods immediately before and a f t e r the event . 
The housekeeping r ecords , taken every minute dur ing a r u n , were 
c l o s e l y examined and gave no i n d i c a t i o n f o r any unusual behaviour 
of the atmospheric tempera ture , atmospheric pressure , phototube 
anode c u r r e n t s ( r e l a t e d to sky b r i g h t n e s s ) , or i n d i v i d u a l phototube 
count ing r a t e s f o r the per iod of a c t i v i t y . 
At the peak of the ou tburs t of October 23 1981 34X +_5X of the 
events recorded by the array were p e r i o d i c , corresponding to an 
i n t e g r a l pulsed f l u x of about (.8.7.+ 1.2) 1 0 " 1 0 c n r 2 s _ 1 , f o r a 
gamma ray t h r e s h o l d energy, es t imated f rom the count ra te of the 
ar ray at the t ime of the o u t b u r s t , of about 2400 GeV. Taking t h i s 
event t o be the only genuine pulsed gamma ray burs t detected i n the 
course of the 1981 and 1982 seasons of observat ions we a r r i v e at a 
t ime-averaged pulsed f l u x , f o r emission in the form of shor t 
o u t b u r s t s , of about (1 .7 +_0.2) 1 0 " 1 2 cm" 2 s~ l at E > 2400 GeV, f o r 
the pe r iod September 25 1981 - November 23 1982. 
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6.3d The Energy Spectrum of the Crab Pulsar 
The i n t e g r a l energy spectrum over the range 1 - 10 4 GeV i s shown 
i n F igure 6 .13. Shown on the f i g u r e are a l l p r ev ious ly quoted 
f l u x e s (Gr ind l ay et a l . , 1976; Jennings et a l . , 1974; Porter et 
a l . , 1974; Er ickson et a l . , 1976; Gupta et a l . , 1982; Mcbreen et 
a l . , 1973); p r e v i o u s l y quoted l i m i t s are not g iven . The present 
r e s u l t s are represented by . three data po in t s : 
A : The cont inuous pulsed f l u x present i n the main pulse 
at E > 1300 GeV. 
B : The t ime averaged pulsed f l u x at E > 2400 GeV emit ted 
i n the form of a s i n g l e t r a n s i e n t event . 
C : The pulsed f l u x at E > 2400 GeV at the peak of i n t e n s i t y of 
the October 23 1981 gamma ray t r a n s i e n t . 
Fur ther d i scuss ion of t h i s f i g u r e w i l l be given i n Chapter 7. 
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Chapter Seven 
Conclusions and Suggestions f o r Future Work 
7.1 Discuss ion of Resul ts 
7.1a Cygnus X-3 
The r e s u l t s of the 1981 and 1982 seasons of observat ion of 
Cygnus X-3 can be summarised as f o l l o w s : 
(1) At the 4 .1 SD chance p r o b a b i l i t y l e v e l the ob jec t appears to 
show a 4.8 hour ampli tude modulat ion of i t s gamma ray emission 
above 1000 GeV. The peak of the emission occurs at around phase 
0.625 - i n broad agreement both w i t h the r e s u l t s at X-ray energies 
and other r e s u l t s at VHE gamma ray energ ies . 
(2) The i n d i c a t i o n i s t ha t the i n d i v i d u a l ou tburs t s of emission at 
phase 0.625 l a s t f o r only a few minutes - i n con t r a s t to r e s u l t s at 
X-ray ene rg ie s . 
(3) The average i n t e g r a l f l u x at phase 0.625 comprises about 8.8 + 
2.17. of the cosmic ray background at E > 1000 GeV, corresponding to 
an i n t e g r a l photon f l u x of about <8 .76+2 .13 ) 1 0 ~ l ° era - 2 s - 1 and an 
average peak l u m i n o s i t y , assuming the source to emit i s o t r o p i c a l l y 
at a d i s t ance of 10 Kpc and to have a d i f f e r e n t i a l spec t ra l slope 
of - 2 . 2 , of (1.01+0.23) 1 0 3 e ergs s" 1 . 
(4) The v a r i a t i o n of the i n d i v i d u a l excesses seen at around phase 
0.625 seems t o support the exis tence of a f u r t h e r 34 day ampli tude 
modulat ion of the o b j e c t ' s emiss ion . The peak emiss ion, at the 
maximum of both c y c l e s , i s about 5 1 0 - 9 c n r 2 s _ 1 at E > 1000 SeV, 
which corresponds to a peak power output i n excess of 5 1 0 3 8 ergs 
s - 1 . 
(5) The mean f l u x e s quoted are i n reasonable agreement w i t h past 
r e s u l t s at s i m i l a r energ ies , as shown i n Figure 6 .6 . 
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The r e l a t i v e var ia t ion of the mean and peak flux values shown at 
around 1000 GeV a r i s e s because d i f ferent groups have made d i f fer ing 
estimates of the duration of the a c t i v i t y at around phase 0.625. 
The detection of VHE gamma rays from Cygnus X-3 at the 4.1 SD 
level i s seen not only as important confirmation of past r e s u l t s , 
but a lso as a useful va l idat ion of the s e n s i t i v i t y of the Dugway 
array. The production of evidence supporting the previously 
reported 34 day amplitude modulation (Molteni et a l . , 1980) shows a 
l ink between observations taken more than 7 decades apart in 
energy, and suggests that other objects may be found to show 
s imi la r propert ies at VHE gamma ray and X-ray wavelengths. 
However, the sharpness of the emission at phase 0.625 of the 4.8 
hour c y c l e , when compared to the near s inusoidal curve seen in 
X-rays ( E i s n e r , et a l . , 1980), emphasises the possible fundamental 
d i f ference in production mechanisms at the two energies. 
Host of the models put forward to explain the observed 
propert ies of the Cygnus X-3 system incorporate a fast pulsar as 
the primary energy source. A recent example of such i s that 
suggested by , Vestrand and E i c h l e r (1982) - i l l u s t r a t e d 
schematical ly in Figure 7.1. According to th is model Cygnus X-3 i s 
composed of a fas t pulsar in a 4.8 hour binary orbit with a s t e l l a r 
companion. The pu lsar , i t i s supposed, emits a beam of very high 
energy cosmic ray p a r t i c l e s which s t r i k e s the atmosphere of the 
companion s tar and, by a n° production process (see Section 1.3) 
or a thin bremsstrahlung process, causes the emission of VHE gamma 
r a y s . The observer would be expected to see t h i s emission at two 
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Figure 7.1 
A model for the Cygnus X-3 system, 
according to Vestrand and E i c h l e r (1982) 
S t e l l a r companion 
B 
Obse rv 
D 
S t e l l a r Atmosphere 
Binary Orbit 
phases in the orbit of the pulsar ; between points A and B, and 
points D and E. According to the authors the width of these pulses 
could e a s i l y be as short as the 0.05 of a cycle (corresponding to a 
duration of about 10-15 mins) reported by most observers at 1000 
6eV. T h i s , however, has been ca l led into question by Grindlay 
(1982) who suggests that the cosmic ray beam may not be 
s u f f i c i e n t l y well col l imated, due to the scat ter ing process (known 
as Alfven scat ter ing) which a f f e c t s energetic charged p a r t i c l e s 
t r a v e l l i n g through a region containing magnetic f i e l d s embedded in 
a p a r t i a l l y ionised plasma (see , for example, Longair , 1981, page 
333) as to produce such sharp features . In addi t ion, other evidence 
( E i s n e r , 1980) suggests that the companion may be a helium star 
having too thin an atmosphere to support the model. A s imi lar type 
of model has been presented by Hi 11 as (1984) who claims that a 
mono-energetic beam of 1 0 1 7 eV protons, emitted by the pulsar and 
causing an electron-photon cascade in the atmosphere of the s t e l l a r 
companion, could account for a l l emissions from the object above 
energies of about 1 GeV - including the recent ly reported emission 
at E > 1 0 1 3 eV (Samorski and Stamm, 1983, and Lloyd-Evans, et a l . , 
1983). I t i s not c l e a r , however, to what extent the model i s able 
to explain the (unconfirmed) existence of the 34 day amplitude 
modulation of the X-ray and VHE gamma ray s i g n a l , nor the lack of 
detection of per iod ic i ty on a ms t imescale in the X-ray data. 
I t has been suggested by Grindlay (1982) that since the X-ray 
propert ies of Cygnus X-3 have much in common with other low mass 
X-ray b i n a r i e s the system may be powered by a matter accretion 
process. The model proposed, the geometry of which i s i l l u s t r a t e d 
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in Figure 7 .2 , i s based upon that put forward to explain the 
propert ies of SS433, and involves a compact object (which may be a 
black hole) in a 4.8 hour orbit about a s t e l l a r companion. The 
spin ax is of the companion star i s supposed to be misaligned with 
the ax is of the o r b i t , and to precess about i t with a period of 
about 34 days. Accretion of matter from the companion star onto 
the compact object occurs giving r i s e to opt ical and X-ray photons 
which in tu rn , through the inverse Compton process with 
r e l a t i v i s t i c e lectrons (presumed to be generated in f l a r e s during 
episodes of enhanced mass t r a n s f e r ) , give r i s e to VHE gamma rays . 
Enhanced accret ion i s expected to occur twice per orbit when the 
compact object crosses the l ine of nodes between the plane of the 
orbit and the equatorial plane of the companion s t a r . The gamma 
ray emission in the d i rect ion of the observer would be further 
modulated with the precessional period of the companion as the 
r e l a t i v e or ientat ion of the l ine of nodes changes and the apparent 
projected area of the accret ion disk v a r i e s . Once again problems 
appear to e x i s t with the model. For instance, i t i s not c lear to 
what extent the observed emission at 1 0 1 S eV i s explained. 
While many of the propert ies of t h i s enigmatic object have been 
well s tudied, i t i s d e a r that much work s t i l l needs to be done, at 
a l l wavelengths, before a f u l l understanding can be achieved. 
Perhaps the most important breakthrough would be the discovery of a 
mi l l isecond per iod ic i ty indicat ing the presence of a pulsar in the 
system. Since the object emits most of i t s energy at VHE gamma ray 
wavelengths t h i s i s a task for which workers in th is f i e l d , for 
once, are perhaps at an advantage. 
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Figure 7.2 
A model for the Cygnus X-3 system 
suggested by Grindlay (1982) 
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7.1b The Crab Pulsar 
The r e s u l t s of the 1981 and 1982 seasons of observations of PSR 
0531 can be summarised as fol lows : 
(1) The observations in November 1982 have provided evidence, 
s i g n i f i c a n t at the 6 10~* chance probabi l i ty l e v e l , that the object 
emits continuous periodic emission, with the l ight curve having a 
narrow main pulse coincident with that seen at other wavelengths. 
(2) The excess of events in the the main pulse const i tute about 
(0.21 +_ 0.06) % of the cosmic ray background, corresponding to an 
integral pulsed flux of about C I .3 +.0.4) 1 .0 - t l c m - 2 s _ l at E > 
1300 GeV. The deduced luminosity of the object in the main pulse, 
assuming a distance of 2 Kpc and a d i f f e r e n t i a l spectra l slope of 
- 2 . 4 , i s about (4.7 + 1.5) t o 3 4 ergs s _ 1 . 
(3) The duration of the main pulse a c t i v i t y can be shown to be < 
0.4 ms, apparently confirming the previous suggestion (MeBreen et 
a l . , 1973) that a gradual narrowing of the pulse may occur between 
the energies 100 MeV and 1000 GeV. 
(4) A pos i t i ve excess i s also found at the expected position of 
the in terpulse - though not at a s i g n i f i c a n t chance probabil i ty 
l e v e l . The r a t i o of the apparent signal in the interpulse region 
to that in the main pulse (0.73 +.0.61) , however, i s consistent 
with the more recent values found at 50 - 3000 MeV by the C0S-B 
group (Wi l ls et a l . , 1982). 
(5) In addition to the continuous pulsed emission a strong pulsed 
t rans ient was detected at. 0920 UTC on October 23 1981. The 
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probabi l i ty of chance occurrence of such an outburst in the total 
1981 and 1982 data sample, af ter correct ion for the maximum 
possible number of degrees of freedom expended in searching for the 
e f f e c t , was < 10~ 3 . At the peak of the outburst gamma rays made up 
347. of a l l Cerenkov showers detected and constituted a peak 
integral pulsed flux of (8 .7 +_1.2) 10~ 1 0 cm" 2 s - 1 at E > 2400 GeV, 
corresponding to a peak power output of about (5.7 + 0 . 8 ) 10 3 * ergs 
s _ 1 , assuming a d i f f e r e n t i a l gamma ray spectra l slope of -2 .4 above 
2400 GeV, and a distance of 2 Kpc. 
(6) The approximate duration of the pulsed outburst, at a flux 
level strong enough to be detected, was about 15 minutes. During 
t h i s time an overa l l count rate excess of 187. +_ 77. was found to 
have occurred. The per iodic events const i tut ing the burst showed a 
rather broad s ingle peaked l ight curve of width 6 ms, with a slowly 
r i s i n g front edge followed by a much sharper back edge. The 
absolute phase of the outburst, in re la t ion to the main pulse, 
could not be determined since a su i tab le ephemeris for 1981 was not 
a v a i l a b l e . 
(7) The events const i tu t ing both the t ransient and the continuous 
pulsed emission were found to contain a larger proportion of 
I I - f o l d telescope responses than would be expected. This would 
indicate that in both cases the excess of events (the gamma ray 
candidates) arose p r e f e r e n t i a l l y from near the centre of the f i e l d 
of view of the system. 
The energy spectrum of the Crab Pulsar between 1 - 10 4 GeV i s 
shown in Figure 6.13; the various points given on the f igure have 
i 
i 
i 
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been described in Section 6.3d. I t i s c lear from the f igure that 
the majority of the emission at E > 1300 SeV occurs in the form of 
the continuous main pulse f lux . Although the peak strength of the 
reported t rans ient i s several orders of magnitude greater than the 
time-averaged main pulse f lux , outbursts of such intensi ty appear 
to occur only r e l a t i v e l y r a r e l y . The ex is t ing view that the 
spectrum must steepen in the region between the balloon-borne gas 
Cerenkov detector r e s u l t s (below 10 SeV) and those from ground 
based atmospheric Cerenkov experiments i s confirmed. The presence 
of t h i s 'break' in the spectrum implies that the object emits only 
about 10"* of i t s tota l luminosity at energies above about 1000 SeV 
- in strong contrast to Cygnus X-3 where the energy carr ied by VHE 
gamma rays i s dominant. 
As noted by Grindlay (1982), i t may be expected that the VHE 
gamma ray -op t i ca l photon in teract ion (see Section 1.4b) would cause 
the angular separation of the VHE gamma ray and rad io /opt ica l beams 
to be small - s ince the in teract ion c ross -sec t ion would be at a 
minimum for p a r a l l e l beams. This has the consequence that the VHE 
gamma ray emission, i f occurring at the same phase as the opt ical 
peak, should have much the same shape. The present r e s u l t , with the 
c h a r a c t e r i s t i c narrow peak in phase with the radio main pulse , 
supports t h i s idea of c lose coupling between the VHE gamma ray and 
r a d i o / o p t i c a l emissions. Since pair-production absorption (see 
Section 1.4c) l i m i t s the emission of VHE gamma rays to regions at 
or very c lose to the distance of the l ight cyl inder i t i s suggested 
(Ruderman, 1981) that t h i s also i s where the radio emission must 
or ig inate from. 
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The observations reported above were the f i r s t for which an 
independent and contemporary radio ephemeris was ava i lab le . It 
appears that unless such an accurate ephemeris can be used the weak 
per iodic f luxes reported in t h i s work would probably not be 
detectable . The indicat ion i s that the Crab Pulsar i s a good 
'standard candle ' in the VHE gamma ray f i e l d , and that provided 
good timekeeping i s kept there should be l i t t l e d i f f i c u l t y in 
reproducing the present r e s u l t s . 
7.2 Suggestions for Future Work 
One thing that has become increas ingly obvious from both th is 
and other works i s that sources of VHE gamma rays may show a high 
level of v a r i a b i l i t y . Three of the four detected, sources seem to 
show sporad ic , unpredictable a c t i v i t y , while Cygnus X-3 i s thought 
possibly to emit occasional intense outbursts at apparently random 
4.8 hour phases. Given that there may be more, as yet 
undiscovered, sources of VHE gamma rays showing much the same 
behaviour, i t i s important to consider the form that future 
observations should take in order to have the best chance of 
detecting them. At present energy thresholds (with the 
correspondingly low counting ra tes) many hours of observation are 
necessary to detect even the 2 strong sources Cygnus X-3 and the 
Crab P u l s a r . I t i s c lear that a general search of the sky for new, 
highly v a r i a b l e , sources with the type of system currently used 
would not be productive. I t i s suggested that for future 
observations a much lower energy threshold te lescope, which can 
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simultaneously monitor a large area of the sky, would be necessary. 
Given the accepted performance of modern phototubes the energy 
threshold of a ground based VHE gamma ray telescope i s e s s e n t i a l l y 
dependent upon i t s mirror c o l l e c t i n g area; the larger the mirror 
area the lower the te lescope 's energy threshold. Apart from the 
multiple mirror system in use at JPL a l l gamma ray observatories 
have been dependent upon surplus searchl ight mirrors, which are now 
in very short supply. I t would be most advantageous to be able to 
construct mirrors of s u f f i c i e n t s i z e and r e f l e c t i v i t y , and of low 
enough c o s t , as to remove these supply obstacles to constructing 
te lescopes with larger co l l ec t ing areas. In pursuit of th is a 
programme of mirror fabr ica t ion i s current ly being carr ied put at 
the Univers i ty of Durham. Assuming that the problems connected 
with producing custom bu i l t mirrors can be overcome, telescopes 
with counting ra tes of several hundred counts per minute (for a 
system having the same f i e l d of view as the present equipment) wi l l 
become p o s s i b l e . Such an increase in counting rate would lead to an 
improvement in s e n s i t i v i t y of about an order of magnitude. 
A l t e r n a t i v e l y , to deduce the same flux l i m i t s as are currently 
quoted on candidate sources would require far l e s s time than at 
present , allowing many more objects to be meaningfully observed. 
The second factor which l i m i t s the a b i l i t y of present systems to 
detect new sources i s the l imited amount of sky they are able to 
monitor; the Dugway system, for example, has a f i e l d of view of 
only about 4 square degrees. One method of achieving an enlargement 
of the area of sky able to be observed i s to place a 'bundle' of 
phototubes at the focus of the mirror system, with the outer r ings 
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of tubes looking ' o f f - a x i s ' and seeing di f ferent parts of the sky 
from that' seen by the central tube. With careful alignment an 
individual tube could act in coincidence with a corresponding tube 
mounted parax ia l l y on a second mirror. Each phototube would be 
independently using the f u l l co l l ec t ing area of the mirror system 
to see a d i f fe rent part of the sky. The benef i ts from such a 
system would be s i g n i f i c a n t : 
(1) A very large increase in the amount of sky able to be 
monitored at a s ing le pass , with the resul tant decrease in the 
length of time needed to survey the whole sky. 
(2) The count rate occurring in a par t icu lar channel could be 
continuously compared with that of the adjacent channels. 
Thus, there would be no requirement to d r i f t scan an object 
(with the resul tant decrease in the f ract ion of time spent 
'ON-source') to obtain an accurate estimate of the background 
counting ra te . 
The higher gamma ray/proton ra t io seen in 2-fold telescope 
responses (see , for example, Section 6.3a) would indicate that the 
f i e l d s of view of the individual phototubes should be reduced 
somewhat from the value of 1.7° (defined in terms of the FWHM of 
the PSF) used in the present work. I t i s not c lear yet , however, 
how much t h i s reduction should be. 
Whatever improvements in telescope design are achieved, several 
p r i o r i t i e s e x i s t in the VHE gamma ray f i e l d in the coming years : 
(1) Continued monitoring of Cygnus X-3 and the Crab pulsar . 
These two objects are not only the most obvious 'standard 
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candles ' in the f i e l d , but nay also be representat ive of two 
of the d i f ferent types of VHE gamma ray emitter s the fast 
pulsar whose energy source takes the form of a rapidly 
rotat ing neutron s t a r , and the X-ray binary - possibly 
emitting VHE gamma rays v ia a mass accretion process. 
(2) More deta i led observations of the two southern hemisphere 
sources the Vela pulsar and Cen-A. The Vela pulsar , being 
s im i l a r in many ways to the Crab pu lsar , i s a good candidate 
for VHE gamma ray emission. Further observations of the 
ac t ive galaxy, Cen-A, are needed to confirm the previously 
reported pos i t ive r e s u l t . 
<3) A thorough s e r i e s of observations of other radio pulsars 
should be undertaken - supported, i f poss ib le , by simultaneous 
radio measurements. 
(4) A general survey of the sky for evidence of new sources of 
VHE gamma rays . If such a search were to have a posi t ive 
outcome a new c l a s s of source - objects predominantly 
emitting VHE gamma rays - could open up a new f i e l d in 
astronomy. 
Whatever the outcome of these and other l i nes of research i t i s 
d e a r that the future holds exci t ing p o s s i b i l i t i e s , and that 
unexpected d iscover ies are l i k e l y to be made in the f i e l d in the 
years to come. 
100 
I 
References 
Ash, M.E., Shapiro, 1 .1 . , Smith, W.B., (1967), A . J . , 72_, 338. 
B lacke t t , P.M.S. , (1948), 'A possible contribution to the night sky 
due to Cerenkov radiat ion emitted by cosmic rays', report of a 
conference of the Gassiot committee of the Physical Society on the 
emission spectra of the night sky and aurorae, page 34. 
Browning, R. , Turver, K . E . , (1977), Nuova Cimento, 38_, 223. 
Cerenkov, P .A . , (1934), Ookl. Akad. Nauk. SSSR, 2, 451. 
Cra ig , M. A . B . , (1984), Ph.D. Thes is , Universi ty of Durham. 
Danaher, S . , Fegan, D . J . , Porter , N.A., Weekes, T . C . , (1981), 
Nature, 289_, 568. 
Dowthwaite, J . C . , Ph.D. Thes is , in preparat ion, University of 
Durham. 
Dowthwaite, J . C . , H a r r i s o n , . A . B . , Kirkman, I.W., Macrae, J . H . K . , 
Orford, K . J . , Turver, K . E . , Walmsley, M., (1985), Astron. 
Astrophys. , 142, 55. 
Eadie W., D r i j a r d , D., James, F . , Roos, M., Sadoulet, B . , (1971), 
' S t a t i s t i c a l Methods in Experimental P h y s i c s ' , (Amsterdam: North 
Holland). 
E i s n e r , R . F . , Ghosh, P . , Darbo, W., Weisskopf, M.C., Sutherland, 
P . G . , Gr indlay , J . E . , (1980), Astrophys. J . , 239, 335. 
E r i k s o n , R .A . , F i c k l e , R .K . , Lamb, R . C . , (1976), Astrophys. J . , 
210, 539. 
Faz io , 8 . G . , (1967), Ann. Rev. Astron. Astrophys. , 5, 481. 
Fomin, V . P . , V lad imi rsk i , B.M., Stepanian, A.A. , (1977), Proc. Int . 
Conf. Cosmic Rays (P lovd iv ) , 1_, 12. 
Frank, I .M., Tamm, I g . , (1937), Dokl. Akad. Nauk. SSSR, 14, 109. 
Ga lb ra i th , W., J e l l e y , J . V . , (1953), Nature, 171_, 349. 
Ga lbra i th , W., J e l l e y , J . V . , (1955), J . Atmos. Terr . Phys . , 6, 250. 
Galper, A.M., K i r i l lov-Ugi r iumov, V . G . , Kurochkin, A .V. , Leikov, 
P . G . , Luchkov, B . I . , Yurkin, Y u . T . , (1976), Pisma v Astron. Zh. , 2, 
524. 
Global At las of Relat ive Cloud Cover', 1967-1970, published by the 
US Department of Commerce and the USAF. 
Gould, R . J . , Schreder, G . P . , (1966), Phys. Rev. L e t t . , 16_, 252. 
Gregory, P . C . , (1972), Nature, 239_, 439. 
101 
S r i n d l a y , J.E., Helmken, H.F., Brown, R.H., D a v i s , J . , A l l e n , L.R., 
( 1 9 7 5 a ) , P r o c . 1 4 t h I n t . Conf. Cosmic Rays M u n i c h , 1_, 89. 
G r i n d l a y , J.E., Helmken, H.F., Hanbury Brown, R., D a v i s , J . , A l l e n , 
L.R., < 1 9 7 5 b ) f Ap. J. L e t t . , 197, L9. 
S r i n d l a y , J.E., Helmken, F.F., Weekes, T.C., ( 1 9 7 6 ) , A s t r o p h y s . J . , 
209,592. 
G r i n t f l a y , J.E., ( 1 9 8 2 ) , P r o c . I n t . Workshop on H i g h Energy Gamma 
Ray A s t r o n . ( TIFR. Bombay). 
Gu p t a , S.K., Ramana M u r t h y , P.V., S r e e k a n t a n , B.V., Tonwar, S.C., 
V i s w a n a t h , P.R., ( 1 9 8 2 ) , P r o c . I n t . Workshop on Ver y H i g h Energy 
Gamma Ray A s t r o n o m y ( T I F R . Bombay), 279. 
Hermson, W., ( 1 9 8 0 ) , Ph.D. T h e s i s , U n i v e r s i t y o f L e i d e n . 
Hermson, W., ( 1 9 8 3 ) , Space S c i . Rev., 36_, 6 1 . 
Hi 11 a s , A.M.,(1984) , N a t u r e , 3 1 1 , 50. 
J e l l e y , J.V., ( 1 9 5 8 ) , 'Cerenkov R a d i a t i o n and i t s a p p l i c a t i o n s ' , 
Pergamon P r e s s , London. 
J e l l e y , J.V., P o r t e r , N.A., ( 1 9 6 3 ) , Q u a r t . J. Roy. A s t r o n . S o c , 4_, 
275. 
J e l l e y , J.V., ( 1 9 6 7 ) , P r o g . El em. p a r t i c l e and Cosmic Ray Phys., 9, 
4 1 . 
J e l l e y , J.V., ( 1 9 8 3 ) , P h o t o c h e m i c a l , and P h o t o b i o l o g i c a l . Rev., 7_, 
275. 
J e n n i n g s , D.M., W h i t e , 6., P o r t e r , N.A., O'Mongain, E., Fegan, 
D.J., W h i t e , J . , ( 1 9 7 4 ) , Nuovo C i m e n t o , 20, 7 1 . 
K n i H e n , D.A., F i c h t e l , C.E., H a r t m a n , R.C., Lamb, R.C., Thompson, 
D.J., ( 1 9 7 7 ) , 'Recent Advances i n Gamma Ray Astronomy'; ESA F r a s c a t i , 
45. 
Lamb, R.C., F i c h t e l , C.E., H a r t m a n , R.C., K n i f f e n , D.A., Thompson, 
D.J., ( 1 9 7 7 ) , A s t r o p h y s . J . , 212., L63. 
Lamb, R.C., G o d f r e y , C P . , Wheaton, W.A., Turner, T. , ( 1 9 8 1 ) , 
N a t u r e , 296_, 543. 
Leahy, D.A., E i s n e r , R.F., W e i s s k o p f , M.C., ( 1 9 8 3 ) , A s t r o p h y s . J . , 
272, 256. 
L l o y d - E v a n s , J . , Coy, R.N., L a m b e r t , A., L a p i k e n s , J . , P a t e l , M., 
R e i d , R.J.O., Watson, A.A., ( 1 9 8 3 ) , N a t u r e , 305, 784. 
102 
L o n g a i r , M.S., ( 1 9 8 1 ) , 'High E n e r g y A s t r o p h y s i c s ' , Cambridge 
U n i v e r s i t y P r e s s . 
Macrae, J.H.K., Ph.D. T h e s i s , i n p r e p a r a t i o n , U n i v e r s i t y o f Durham. 
M a r d i a , K.V., ( 1 9 7 2 ) , ' S t a t i s t i c s o f D i r e c t i o n a l D a t a ' , Academic 
P r e s s , London and New Y o r k . 
Mason, K.Q., B e c k l i n , E.E., B l a n k e n s h i p , L., Brown, R.L., E l i a s , 
J . , H j e l l m i n g , R.M., M a t t h e w s , S.K., M u r d i n , P.G., Neugebauer, 6., 
S a n f o r d , P.W., W i l l n e r , S.P., ( 1 9 7 6 ) , A s t r o p h y s . J . , 207_, L123. 
McBreen, B., B a l l , S.E., C a m p b e l l , M., S r e i s e n , K., Koch, D., 
( 1 9 7 3 ) , Ap. J . , 184, 5 7 1 . 
Meegan, C.A., F i s h m a n , 6.J., Haymes, R.C., ( 1 9 7 9 ) , A s t r o p h y s . J. 
L e t t . , 2 3 4 , L123. 
M o l t e n i , D., R a p i s a r d i , M., Robba, N.R., S c a r s i , L., ( 1 9 8 0 ) , 
A s t r o n . A s t r o p h y s . , 8_7, 88. 
M o r r i s o n , P., ( 1 9 5 8 ) , Nuova C i m e n t o , 7, 858. 
Mukanov, D.B., N e s t e r o v a , N.M., S t e p a n i a n , A.A., Fomin, V.P., 
( 1 9 8 0 ) , I z v e s t i y a K r y m s k o i A s t r o f i z . Obs., 62_, 98. 
Nes h p o r , e t a l . , ( 1 9 7 5 ) , A s t r . and Sp. S c i . , 61_, 349. 
Nes h p o r , Y u . I . , S t e p a n i a n , A.A., Fomin, V.P., B e r a s i m o v , S.A., 
V l a d i m i r s k y , B.M., Z y s k i n , Yu.L., ( 1 9 7 9 ) , A s t r o p h y s . Space S c i . , 
61_, 349. 
N e s t e r o v a , N.M., Chudakov, A.E., ( 1 9 5 5 ) , Z u r n . Eksp. Teor. F i z . , 
28, 384. 
Ogelman, H. , A y a s l i , S. , H a c i n l i y a r , A., ( 1 9 7 6 ) , P r o c . Gamma Ray 
Symposium, G o d d a r d , 118. 
P o r t e r , N.A., D e l a n e y , T., Weekes, T.C., ( 1 9 7 4 ) , P r o c . 9 t h E s l a b 
Symp. E.S.R.O., F r a s c a t i , 295. 
P o r t e r , N.A., Weekes, T.C., ( 1 9 7 8 ) , SAO S p e c i a l R e p o r t , No. 3 8 1 . 
P r o t h e r o e , R.J., ( 1 9 7 7 ) , Ph.D. T h e s i s , U n i v e r s i t y o f Durham. 
R e p p i n , C., P i e t s c h , W., Trumper, J . , Voges, W., S t a u b e r t , R., 
( 1 9 7 9 ) , A s t r o p h y s . J . , 234, 329. 
Ruderman, M.A., ( 1 9 8 1 ) , IAU Symp. 9 5 , ' P u l s a r s ' , ed W. S i e b e r and R. 
W i e l e b i n s k i ( D o r d r e c h t ; R e i d e l ) , 156. 
S a m o r s k i , M. , Stamm, W., ( 1 9 8 3 ) , A s t r o p h y s . J. L e t t . , 268, L17. 
S t r o n g , A.W., ( 1 9 8 2 ) , P r o c . I n t . Workshop on Hi g h Energy 6amma Ray 
103 
A s t r o n o m y ( T I F R . Bombay), 1 4 1 . 
Van d e r K l i s , M., B o n n e t - B i d a u t , J.M., < 1 9 8 1 ) , A s t r o n . A s t r o p h y s . , 
95, L5. 
V e s t r a n d , W. , E i c h l e r , D., ( 1 9 8 2 ) , A s t r o p h y s . J . , 25J_, 112. 
V I a d i mi r s k i , B.M., S t e p a n i a n , A.A., ( 1 9 7 3 ) , P r o c . 1 3 t h I n t . Conf. 
on Cosmic Rays ( U n i v e r s i t y o f D e n v e r ) , 1_, 456. 
Wa l m s l e y , I I . , Ph.D. T h e s i s , i n p r e p a r a t i o n , U n i v e r s i t y of Durham. 
Weekes, T.C., T u r v e r , K.E., ( 1 9 7 7 ) , P r o c . 1 2 t h ESLAB symposium, 
F r a s c a t i . 
Weekes, T.C., Helmken, H.F., ( 1 9 7 7 ) , Recent Advances i n Gamma Ray 
A s t r o . , ESASP-124, 39. 
Weekes, T.C., Helmken, H.F., G r i n d l a y , J.E., ( 1 9 7 9 ) , P r o c . I n t . 
Conf. Cosmic Rays ( K y o t o ) , 1_, 133. 
Weekes, T.C., ( 1 9 8 2 ) , P r o c . I n t . Workshop on Hi g h Energy Gamma Ray 
A s t r o n . ( T I F R . Bombay). 
W i l l s , R.C., B e n n e t t , K., B i g n a m i , G.F., B u c c h e r i , R., C a r a v e o , 
P.A., Hermson, W., Kanbach, 6., Masnou, J . I . , M a y e r - H a s s e l w a n d e r , 
H.A., P a u l , J.A., Sacco, B. , ( 1 9 8 2 ) , N a t u r e , 296, 723. 
104 
